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In/Al  film  sandwich  dcjiosited  on  the  CdS . 

With  sinusoidal  inputs,  we  obtain  a difference  frequency  signal  proportional 
to  the  spatial  Fourier  transform  of  the  ojitical  pattern  focussed  on  the  film.  By 
varyinj;  the  drivini’,  frequencies,  we  perform  a vector  scannintt  in  Fourier  space. 
Image  rotation  can  he  tracked  electronically  over  a full  360°.  The  sensor  can 
detect  the  spatial  frequency,  orientation,  and  amplitude  of  variations  in  the 
optical  intensity.  Pliase  measurements  of  the  Fourier  components,  made  by  com- 
paring the  signal  with  an  electronically  syntliesized  difference  frequency,  show 
the  expected  linear  variation  with  frequency,  and  the  linear  variation  with  dis- 
placement . 

Other  uses  for  the  sensor  would  include  line  scanning,  with  pulses  replacing 
sinusoids,  and  memory  convolution  with  CdS  CCDs  made  from  the  CdS  film. 
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1 . ; INTRODUCTION 


■^This  document  serves  as  the  interim  report  for  the  period  10  June  1976 

9 

to  9 June  1977  on  the  project  entitled.  Direct  Electronic  Fourier  Trans- 
forms  of  Images,  ' funded  by  the  U.S.  Army  Night  Vision  Laboratory./  The 


original  proposal  was  submitted  to  and  approved  by  the  Advanp«a  Concept 
Team,  U.S.  Armv . 

An  extensive  literature  already  exists  Introducing  DEFT  technology 

to  readers  interested  in  both  fundamental  device  development  and  appll- 
[1-9] 

cations.  Two  recent  papers  on  two-dimensional  DEFT  Sensors  are  In- 

cluded as  Appendices  A and  B for  reference. 

During  this  year's  effort,  DEFT  technology  made  very  significant 
strides.  We  substantially  added  to  our  knowledge  of  the  fundamental  na- 
ture of  acoustooptlcal  interactions  In  CdS.  A successful  method  of  fab- 
ricating high  quality  CcIS  films  on  LlNbO^  v'as  developed.  This  new  method, 
involving  layered  films,  yields  stable  films  even  on  Z-cut  LlNbO^,  whose 
temperature  coefficient  of  expansion  is  much  larger  than  other  piezoelec- 
tric materials.  Thus  the  films  can  be  cured  at  high  temperatures  with- 
out cracking  and  peeling. 

demonstrated  that  tl««tp«  films  possess  a large  surface  acoustic 
wave  (SAW) — related  conQ..ctl vlty  modulation  proportional  to  the  square 
of  the  SAW — associated  electric  field  in  the  LlNbO^  substrate,  as  expected. 
Thus  the  modulation  provided  the  pseudo-beam  steering  effect  on  which 
the  two-dimensional  Fourier  transformation  property  rests.  ^ 


1 
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With  appropriate  housing,  coupling,  and  instrumentation,  we  were 
then  able  to  obtain  arbitrary  two-dimensional  Fourier  components  of 
images  by  fully  electronic  means.  Measurements  of  spatial  frequencies, 
their  Fourier  amplitudes  and  phase  behavior,  are  reported  here. 

These  are  the  first  devices  capable  of  two-dimensional  signal  pro- 
cessing using  acoustic  waves  and  employing  no  physical  motion  of  the 
device  or  image.  Of  course,  the  devices  on  which  this  report  is  based 
need  extensive  improvements  before  they  can  be  manufactured  for  practical 
use.  Most  of  the  sensor  improvements  needed  to  Increase  bandwidth,  sig- 
nal-to-noise  ratio,  and  film  uniformity,  are  already  under  way.  Our 
analysis  of  these  new  sensors  indicates  that  they  could  be  used  as  cor- 
relators and  convolvers.  Indeed,  it  would  seem  that  memory  convolvers 
and  correlators  could  be  fabricated  by  forming  an  array  of  CdS  charge- 
coupled  devices  (CCD)  whose  stored  charges  can  interact  with  the  travel- 
ling surface  acoustic  waves  (SAW) . Thus  our  current  work  on  imaging 
could  have  an  Impact  on  signal  processing,  yielding  signal/signal,  Image/- 
slgnal,  and  Image/Image  correlation  and  convolution. 

We  also  enhanced  our  understanding  of  the  nature  of  the  reconstruc- 
tion problem.  While  several  options  exist,  reconstruction  of  the  pic- 
ture from  the  transform  signals  appears  to  be  the  more  complex  task  be- 
cause of  the  memory  function  required.  Devices,  such  as  coherent  light 
valves  can  use  DEFT  generated  transforms  to  obtain  the  inverse  transform 
optically  but  they  are  somewhat  cumbersome  and  costly  at  present. 

Experiments  aimed  at  demonstrating  pseudo-beam  steering  in  a LiNbO^ 


light  valve  sandwich  structure  are  continuing.  A number  of  problems 
have  been  Indentlfled  and  corresponding  Improvements  are  being  inplemented . 
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II.  ELECTROPHOTOCONDUCTIVE  SENSOR 

In  order  to  take  full  advantage  of  SAW  Fourier  imaging,  it  is  es- 
sential to  be  able  to  electronically  select  arbitrary,  two-dimensional, 
Fourier  components  of  arbitrary,  two-dimensional  images.  Previous  work 
has  been  largely  confined  to  obtaining  one-dimensional  transforms  of  one- 
dimensional  ^ W two-dimensional  Images ! ^ ^ ^ ^ Various  techniques 

have  been  proposed ^ ^ ^for  achieving  full  two-dimensional  capability. 

Culminating  in  the  development  of  the  pseudo  beam  steering  technique 

.4  w [^.8,9] 
discussed  here. 

The  direct  electronic  Fourier  transform  (DEFT)  devices  derive  sig- 
nals representative  of  Fourier  components  by  acoustically  modulating 
photoelectrons.  In  the  electrophotoconductlve  device,  two  surface  acous- 
tic waves,  travelling  perpendicularly,  cross  the  image,  focused  on  a thin 
photoconductive  film  (CdS  in  the  current  model).  It  has  been  demonstrated 
that  the  absorption  of  light  is  strongly  dependent  on  applied  electric 
field,  with  the  generated  photocurrent  having  a component  proportional 
to  the  square  of  the  electric  f leld  . ^ ^ ^ ^ We  provide  the  electric 
fields  by  propagating  the  two  crossed  surface  acoustic  waves  on  a piezo- 
electric substrate  (LlNbO^)  on  which  the  CdS  has  been  deposited.  A full 
tensor  treatment  of  the  interaction  reveals  that  the  deposited  contacts 
detect  a current  proportional  to 

i(t)  * jJ  dx  dy  F^  (x,  v,  f)  F(x,  v)  (2.1) 

z 

where  l(x,  y)  is  the  image  intensity,  x and  v are  the  coordinates  on  the 
film,  and  Is  the  electric  field  perpendicular  to  the  plane. 


Since 
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F,^  = cosCwj^t  - kjx)  + cos(u2t  + lc2y) 


(2.2) 


where  refer  to  the  x-dlrected  acoustic  wave  and  E2.  k2. 

2 

refer  to  the  y-directed  acoustic  wave,  !•'  contains  a term  of  the  form 

z 


E 


1 


E 


2 


E E 
1 2 


cos[(ii)^  - iis^)c  - (k^x  + k2y)  ] 
cos[ - U2)t  - k • r]. 


(2.3) 


By  varying  the  driving  frequencies,  we  can  vary  k,  yielding  a signal 
term  proportional  to  the  two-dimensional  Fourier  transform, 


exp[j(u^  - 


W2)  t] 


d^r  I(r)exp(- 


1k  • r) 


(2.4) 


while  the  other  terms  from  (2 . 1)  can  be  Ignored  because  they  are  at  dif- 
ferent frequencies.  That  is,  the  signal  behaves  as  if  a new  acoustic 
wave  has  been  created  with  wavevector  equal  to  the  sum  of  the  excited 
wavevectors.  Thus  we  call  this  effect  "pseudo  beam  steering." 

From  theoretical  considerations  alone,  pseudo  beam  steering  is 

likely  to  be  far  superior  to  other  proposed  techniques  for  accomplishing 

two-dimensional  Imaging.  For  example,  the  actual  creation  of  a third 

surface  wave  from  nonlinear  mixing  appears  to  be  a much  smaller  and  less 

[121 

controllable  effect. 

The  use  of  high  frequency  surface  wave  transducers  requires  that 
the  Image  be  placed  on  a high  spatial  frequency  carrier.  This  is  ac- 
complished in  one  direction  by  the  Interdigltal  contact  pattern  used  to 
detect  the  signal,  and  in  the  perpendicular  direction  by  either  etching 
the  CdS  Into  strips,  or  by  projecting  the  image  through  a grid. 

In  this  chapter,  we  first  give  a complete  description  of  the  opera- 
tion of  the  sensor,  referring  to  a phenomenological  study  of  the  conductivity 
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mechanisms.  This  is  followed  by  a review  of  the  many  attempts  to  make 
adequate  films  of  CdS  on  I.iNbO^,  and  a full  description  of  the  success- 
ful method  finally  developed.  Included  are  the  measured  static  and 
dynamic  film  properties  and  electron  microscope  studies  of  the  surface. 

After  a brief  discussion  of  the  circuit  and  shielding  problems, 
we  present  extensive  experimental  evidence  from  two  operating  sensors; 
one  unidirectional  and  one  fully  two-dimensional.  This  includes  measure- 
ment of  spatial  frequencies,  amplitude  and  phase  behavior.  Convincing 
evidence  of  the  pseudo-beam  steering  behavior  is  found  in  the  data  on 
image  rotation.  In  these  experiments,  the  physical  rotation  of  an  ob- 
ject, focused  on  the  sensor,  results  in  the  expected  disappearance  of 
the  Fourier  component  signal.  The  reaqulsition  of  the  signal  bv  appro- 
priate change  of  the  transducer  frequencies  permitted  the  component  to 
be  tracked  during  a full  360°  rotation. 

The  chapter  concludes  with  plans  for  Improvement  in  sensor  design 


and  electronic  instrumentation. 
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II. 1.  Princlple.s  of  Operation 

The  imaRe  sensor  consists  of  a CdS  film  deposited  on  a z-cut  LiNbO^ 
substrate,  as  shown  in  Fip.  2.1.1.  Thin  film  metal  contacts,  in  the  form 
of  an  interdipital  pattern,  are  deposited  onto  the  CdS  film.  This  pat- 
tern permits  the  collection  of  the  total  photocurrent  over  the  area  of 
the  CdS  film.  Indium  is  used  as  the  contact  material  since  it  is  our 
experience  that  indium  makes  ohmic  contact  to  CdS. 

Besides  providinR  electrical  contact,  the  contacts  also  form  a coarse 
grating  across  the  image.  This,  in  effect,  shifts  the  Fourier  transform 
of  the  image  along  the  direction  to  higher  spatial  frequencies.  It 
allows  us  to  generate  the  Fourier  transform  of  the  image  with  SAW's  hav- 
ing a limited  bandwidth.  A similar  effect  is  obtained  by  etching  the  CdS 
film  into  strips  along  the  x direction.  We  here  use,  for  simplicity, 
gratings  with  equal  dark  and  light  spacings.  Unfortunately,  this  type 
of  grating  only  exposes  1/4  of  the  CdS  film  to  the  image.  Larger  film 
exposures  are  possible  by  making  the  dark  areas  of  the  masks  narrower. 

Since  the  photoconductivity  of  CdS  has  a term  that  depends  on  the 
square  of  the  electric  field,  it  is  possible  to  obtain  a mixing  of  the 
electric  fields  due  to  the  two  acoustic  waves  travelling  perpendicularly 
to  each  other.  This  effect  provides  the  effective  steering  of  the  wave 
vector  corresponding  to  the  spatial  frequencv  of  the  transform. 

Now  let  us  use  the  following  phenomenological  approach  to  show  how 
the  two-dimensional  Fourier  transform  of  the  Image  is  obtained.  In 
Appendix  C we  derive  an  expression  for  current  density  in  the  CdS  film  as 
a function  of  the  light  intensity  I(x,  y) , the  D.C.  electric  field  ap- 
plied to  the  electrical  contact,  and  the  electric  field  E due  to  the 

u 

SAWs  in  the  substrate. 
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The  details  of  the  signal  sensed  at  each  small  square  of  CdS  are 
complicated  by  the  fact  that  the  light  intensity,  I(x,  y) , may  vary  with 
in  each  square.  Also,  the  current  detected  is  not  proportional  to  the 
area  of  each  square.  For  simplicity,  let  us  first  assume  that  the  ef- 
fect of  the  contact  pattern  and  the  etching  of  the  CdS  (or  the  project- 
ion of  the  image  through  a grid  perpendicular  to  the  contact  lines)  is 
to  multiply  the  image  intensity  T^(x,  y)  by  a sampling  grid  function, 

S(x,  y),  and  by  an  aperture  function,  A(x,  y) , to  form  a new  image,  I(x, 

I(x,  y)  = T.(x,  y)S(x,  y)A(x,  v)  (2,1.1) 

where  S(x,  y)  depends  on  the  geometry  of  the  sampling.  The  simplest 
model  for  S would  be 

00  (10 

S^(x,  y)  = ab/  ^ 6(x-ma)6(y  - nb) 

m=-Qo 

OO  00 

= ab  ^ 6 ( X - ma , y - nb ) 

m=-«  n=-“° 

= comb(x/a)  comb(y/b).  (2,1,2) 

Fig.  (2.1.1)  shows  the  special  case  for  which  h - a,  providing  uniform 
sampling  in  both  directions.  As  we  shall  see,  there  are  possible  advan- 
tages in  having  h ^ a,  but  all  devices  built  so  far  do  have  b = a, 

A more  realistic  sampling  function  for  the  sensor  is  obtained  by 
breaking  the  Image  into  squares, 

S2(x,  y)  =»  rect^^2^^)  ’’^‘^‘^b/2^^^  * (2.1.3) 


where  * indicates  convolution  and 
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rect  ,t(x)  = ( 
a/2 


0 


I x|  ^ all 
|x|  > a/2  . 


(2.1.4) 


Next  we  note  that  the  image  space  is  truncated  bv  a device  aperture 
function,  A(x  , y) , given  by 


A(x,  y)  = rectj^^(x)  rectj^  (y)  (2.1.5) 

where  (Ma)(Nb)  is  the  total  area  of  the  CdS  film  spanned  by  the  contacts. 
Thus  the  final  image  is 

I(x,  y)  = I^(x,  y)  [rectj^^(x)rect^(y)  ] . 

[comb(x/a)  comb(y/b)]  * [rect  , (x)  rect,  (y)]. 

a/  ^ D / z 

(2.1.6) 


Now  we  are  in  a position  to  calculate  the  detected  signal  current 
for  the  image  of  (2.1.6).  The  surface  current  density  at  the  difference 
frequency  is  given  by  (C.ll).  The  detected  current  is 

OD  00 

= I / dx  K (x,  ih,  t)  (2.1.7) 

since  the  current  is  sampled  at  specific  points  along  the  y-dlrectlon 
by  the  contacts,  rather  than  being  measureo  it  all  points  between  the 
contacts.  We  use  infinite  limits  here  since  we  include  the  sensor  geo- 
metry In  the  expression  for  the  I(x,  y) . Now  since  the  principal  value 
of  the  two-dimensional  sampling  is  to  put  the  original  image  on  a 
spatial  carrier  whose  periods  are  a and  b in  the  x and  y directions  re- 
spectively, it  is  reasonable  to  assume  that  only  varies  appreciably 
over  many  squares.  In  this  case  the  sum  in  I can  be  replaced  by  an 


Integration , 
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^ _oo  —00  ^ 


which  we  can  write  as  a complex  phasor  current 

oo  oo 

1 a ^ / dy  J dx  l(x,  y)  exp-j (k  x + k y) 


a ^ f^{l(x,  y)  } . 


(2.1.8) 


(2.1.9) 

(2.1.10) 


Let  us  now  examine  F^T(x,  y) } , from  (2.1.1) 


F{  1 


(X,  y)}  = f ) V *A(f^,  f ) (2.1.11) 


where  f = k /2ir,  f = k.  /2tt,  spatial  frequencies  normally  used  In  Fourier 
X X y y 

optics  and  the  functions  I,  S,  and  A are  the  respective  Fourier 

transforms  of  the  functions  I,  S,  and  A.  We  see  at  once  that 


I .(f  , f ) * S.(f  , f ) 

1 X y 2 X y 


= ^ 


sin  TTf  a/2  sin  nf  b/2 

Ji 


TTf 


TTf 


] (2.1.12) 


yielding, 


slnirf  a/2  sin  irf  b/2 


[- 


TTf 


TTf 


] • 


where 


[I^(f^,  f^)  * (ab)  comb(af^)  comb(bf^)]  (2.1.13) 


sin  TT  f a/2  sin  tt  f b/2 

■ < — «^><— fv" 

X y 


J (f  . f ) ~ I I J.(f  - f - . 

Bx  y ^ ^ Ixayb 

■'  m=-“>  n»-“> 


(2.1.14) 


(2.1.15) 


Thus  the  effect  of  sampling  Is  to  reproduce  the  Image  transform  over  and 
over  again.  With  b ■ a,  these  reproductions  are  centered  at  (0,  0), 
(1/a,  1/a),  (-1/a,  -1/a),  etc. 
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We  chose  to  operate  with  transducers  whose  center  frequencies  cor- 
respond to  spatial  frequency  (1/a,  1/a)  and  which  have  a bandwidth  of  ap- 
proximately 20%.  It  Is  Important  that  the  imape  transform  I.  have  a 
bandwidth  limited  to  approximately  the  same  20%  otherwise  the  replica- 
tions will  overlap  and  cause  distortion.  This  statement  Is  equivalent 
to  our  previous  assumption  of  slov'ly  spatially  varyinp,  I^(x,  y)  . 

Note  also  the  effect  of  the  rectangular  nature  of  the  actual  sampl- 
ing grid.  Tt  serves  to  envelope  the  transform  with  a sine  function  along 
each  axis  whose  local  maximum  coincides  with  the  centers  of  the  replicated 
spaces  as  shown  in  (2.1.14). 

It  is  convenient  to  define  the  space  centered  at  (1/a,  1/a)  as  the 
reduced  Fourier  space  by  introducing  g^,  g^,  where 

(2.1.16) 

and 


f 

y 


The  effect  of  sampling  can  now  be  written  as 


(2.1.17) 


(2.1.18) 


Now  we  can  include  the  last  factor  in  I(f  , f ) from  (2.1.1),  the  effect 

X y 

of  the  finite  device  aperture.  From  (2.1.11), 


'('x’  fy>  = V * ^ 


sin  TTMaf  sin  irMaf 
X • I 


TTf 


ITf 


] (2.1.19) 


where  we  assume  a square  sensor  contact  region,  Ma  on  a side.  Thus  the 
effect  of  the  finite  device  size  is  to  smooth  the  reduced  Fourier  space 
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with  a sine  function  which  is  reduced  to  17,  of  Its  center  value  (for 
M » 100)  at  the  edge  of  the  space.  The  main  lobe  has  a bandwidth  of 
1%  of  the  center  frequency  which  Implies  that  data  will  be  smoothed  out 
over  one  percent  of  the  center  frequency.  Indeed,  this  Is  observed  in 
the  devices.  It  is  interesting.  In  this  regard,  to  note  the  Shannon- 
Whlttaker  Sampling  Theorem^^^^,  which  states  that,  for  a space  limited 
function,  evenly  spaced  samples  in  frequency  space,  separated  by  (1/Ma), 
will  suffice  to  completely  characterize  the  function.  This  is  the  smooth- 
ing width!  Therefore,  it  is  theoretically  possible  to  reconstruct  the 
function  Ij^(x,  y)  . In  practice,  however,  the  fact  that  the  current  de- 
tected at  each  square  of  CdS  Is  an  averaged  version  of  the  optical  in- 
tensity over  the  square,  the  fact  that  the  sampling  in  real  space  pro- 
duces possibly  overlapping  reduced  spaces,  and  finite  bandwidth  all  pre- 
vent precise  reconstruction. 

Finally,  then,  we  have  that  the  signal  current  phasor  at  the  dif- 
ference temperal  frequency  (a>^  - ui^)  is 


* - ? '-’n  * ■’66>'=l.'=2/o  V ■ 


sin  nf  /2  sin  /2 
X y 

irf  72 

y 


TTf  /2 

X 


(2.1.20) 

(2.1.20) 


where  we  Introduce  standard  elasticity  notation  from  Appendix  C,  and  define 
I as  the  smoothed  version  of  the  transform  of  the  image  intensity  (2.1.19). 
From  (C.IO)  we  calculate  the  bias,  or  d.c.,  value  of  the  current 

to  be 


^d.c.  = ^ 


cx>  oo 


(2.1.21) 

(2.1.22) 


where 


^ LE  „2  ^ 1 , LE  . LE.  „2  ^3  LE  „2 

"l  ^11  *^0  2 "12^  ^Ix  2 "ll  ^ly 


. 1,  LE  . „LE.  ._2  2 . 


(2.1.23) 
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Substituting  (2.1.22)  Into  (2.1.20)  eliminates  to  yield 


1 = 1 


. LE  ^ LE, 
^°13  "66> 


d .c  . 0 


'^lz^2z  " " 


sin  irf  /2  sin  /2 
X . y 


Ttf  /2 
X 


TTf  /2 
V 


(2.1.24) 


where 


oo  oo 


I > = T, //dx  /dy  I(x,  y) 

1 —oo  —OO 


(2.1.25) 


Thus  we  have  completed  our  model  showing  how  the  geometry  of  the  sensor 
when  properly  coupled  to  the  acoustics  yields  a two-dimensional  Fourier 
transform  of  the  image.  It  is  interesting  to  note  that  a choice  of  S(x,y) 
which  uses  the  same  sampling  rate  in  both  directions  results  in  the  situ- 
ation that,  for  f'o  output  is  obtained  unless  very  special  cir- 

cuits are  employed  to  measure  this  d.c.  signal.  Thus  the  transform  com- 
ponents along  the  line  g = g will  not  be  obtained.  This  problem  can 

X y 

be  avoided  by  using  a/b  equal  to  an  irrational  number  sufficiently  large 

to  make  this  line  pass  outside  of  the  reduced  space.  Fig.  (2.1.1)  and 

Fig.  (2.1.2)  show  the  f , f and  g , g spaces  schematically.  Next  we 

X y X y 

discuss  the  experimental  confirmation  of  this  theory. 
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Fig.  2.1.2  Schematic  representatatlon  of  the  original  Fourier  space  (f  , f ) 

X y 

2 

and  the  reduced  Fourier  space  (g  , g ) . The  value  of  t.  Is 

X y max 

the  number  of  Fourier  components  available  In  the  reduced  space 
and  Is  determined  by  transducer  design. 
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II.  2.  Layered  CdS  FIItii  Deposition  and  Curing 

The  most  difficult  task  encountered  was  the  production  of  good  photo- 
conductive  thin  films  of  CdS.  Since  we  had  been  making  such  films  on 
glass  for  several  years,  we  had  hoped  that  the  technique  for  making  the 
films  could  be  used  relatively  Intact.  (Glass  cannot  be  used  as  a sub- 
strate since  there  is  no  travelling  electric  field  accompanying  the  SAW.) 
Unfortunately,  this  did  not  prove  to  be  the  case. 

On  the  glass  substrates  CdS  was  evaporated  out  of  a fused  quartz 
bottle  onto  suitably  positioned  substrates  in  a vacuum  of  10  ^ Torr. 

These  evaporated  films  had  very  high  conductivity  but  a poor  llght-to- 
dark  conductivity  ratio.  To  Increase  their  sensltivitv  they  were  cured 
at  650°  C under  a N2  flow  which  had  traces  of  O2 , HCl,and  Cu,  to  optim- 
ize the  photoconducting  properties  of  the  films.  We  finally  succeeded 

3 

in  obtaining  L/l)  ratios  of  about  10  at  275  m.cd.  At  the  same  time,  the 
conductivity  of  the  films  was  quite  high,  about  0.1  nanomho/D-m. cd . This 
is  essential  to  obtain  reasonable  signals  with  sensor  contact  lines  hav- 
ing about  20,000  squares  in  parallel. 

We  hoped  that  by  suitably  adjusting  the  doping  levels  of  O2 , HCl  and 
Cu,  one  could  get  good  photoconducting  films  of  CdS  on  LlNbO^.  However, 
after  numerous  attempts,  we  came  to  the  conclusion  that  this  is  not  pos- 
sible due  to  the  degrading  effects  of  material  diffusing  out  of  the  LiNbO^ 
during  curing. 

Next,  we  decided  to  overcome  the  problem  of  the  substrate  entirely, 
by  laying  dovm  a thin  layer  of  SIO2  between  the  substrate  and  the  CdS 
film.  This  layer  would  insulate  the  CdS  from  the  LiNbO^.  At  the  same 
time,  Si02  being  stable  thermally,  would  not  Itself  diffuse  into  the  CdS. 
This  idea  proved  successful  in  that  we  Improved  the  L/D  ratios  by  a fac- 
tor of  100  in  our  first  attempts. 
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Unfortunately,  the  SIO^  layer  had  its  own  problems.  It  worked  fairly 
well  with  y-cut  LiNbO^,  whlcti  has  a low  coefficient  of  thermal  expansion 
like  the  SIO2.  But  on  z-cut  LlNbO^,  which  has  a coefficient  of  thermal 
expansion  10  times  that  of  y-cut,  the  films  peeled  off  during  curing. 

At  this  point, a number  of  attempts  to  prevent  the  CdS  from  peeling 
off  the  SiO^  were  made,  such  as  graduating  the  Si02  - CdS  boundary  dur- 
ing evaporation,  and  roughening  the  surface  of  the  I.lNbO^.  All  of  these 
were  unsuccessful.  We  also  Cried  to  out-diffuse  the  LlNbO^  before  eva- 
poration. This  would  obviate  the  need  for  the  Si02  film.  This  was  also 
unsuccessful.  The  films  were  still  degraded  during  curing. 

We  also  tried  Al20^  as  an  intermediary  dif fussion  barrier . Unfor- 
tunately the  CdS  film  peeled  off  the  Al20^  ,1ust  as  it  did  from  Si02»  At- 
tempts to  prevent  peeling  by  making  very  thick  thin  films  of  Si02  to 
allow  for  different  expansion  rates  on  the  opposite  sides  were  also  un- 
successful . 

Eventually  we  struck  upon  the  ideal  solution.  We  knew  that  CdS  it- 
self would  stick  to  LlNbO^.  Therefore  why  not  Insulate  the  photoconduct- 
ing CdS  film  from  the  LiNbO^  by  a second  CdS  film.  If  this  film  were 
thick  enough  it  would  not  permit  out-diffused  elements  from  LiNbO^  to 
reach  the  second  film  of  CdS.  Moreover,  there  would  be  no  sticking  prob- 
lem at  either  surface.  Our  very  first  experiment  with  this  technique 
yielded  very  good  L/I)  ratios.  It  soon  became  clear  that  one  could  eas- 
ily adjust  the  doping  levels  ofHCl,02  and  Cu  for  the  second  CdS  film 

4 

to  have  L/D  ratios  of  10  at  500  m.cd. 

Since  then  we  had  made  a number  of  CdS  films  on  LiNbO^  by  this 
"double-deposition",  or  layered , technique . Reproducibility  and  film 
uniformity  remain  less  than  ideal  essentially  because  our  doping  techniques 


are  still  rather  crude. 
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Appendix  D reveals  the  "recipe"  for  evaporating  and  curing  the 
films . 

It  should  be  noted  that  these  films  represent  the  first  reliable 
photoconductlve  films  on  LlNbO^  or,  as  far  as  we  know,  on  any  other  piezo- 
electric substrate.  Luukala^^^^  has  made  fdSe  films  on  y-cut  LlNbO^  but 
has  reported  great  difficulty  In  reproducing  these  films  because  of 
cracking  and  peeling^ 
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1 1 . 3 Measurements  of  CdS  Film  Properties 

Once  the  CdS  films  liave  been  laid  down  and  cured,  it  is  of  consid- 
erable Interest  to  study  a number  of  parameters  that  can  be  correlated 
with  known  and  predicted  properties.  These  include  surface  uniformity, 
absorption  of  lipht  as  a function  of  optical  wavelength,  conductivity 
change  as  a function  of  light  level,  change  of  conductivity  with  strain, 
and  change  of  conductivity  with  temperature.  In  this  section  we  describe 
a number  of  such  measurements  and  correlate  the  results,  whenever  pos- 
sible, with  our  expectations. 

II. 3.1.  Film  Thickness 

Only  n?cently  we  established  an  optics  facility  Including  a pneumat- 
ically-isolated table  (4  ft.  X 8 ft.),  associated  hardware  and  lasers, 
and  a high  sensitivity  spect roradlometer . 

Using  the  table,  were  able  to  set  up  a simple  Mlchelson  interfero- 
meter In  order  to  measure  the  thickness  of  the  CdS  films.  We  had  for 
years  assumed  that  the  CdS  was  approximately  lOy.  To  determine  the  true 
thickness,  we  deposited  a film  on  glass  through  a mask  that  produced  an 
abrupt  edge.  We  then  deposited  aluminum  over  the  film  so  that  this  metal 
film  uniformly  covered  the  region  on  both  sides  of  the  abrupt  edge.  By 
using  this  aluminum  film  as  one  mirror  in  the  Mlchelson  Interferometer, 
an  interference  pattern  was  formed  on  a screen.  With  care,  the  differ- 
ence in  the  length  of  the  paths  from  the  "test"  mirror  and  a standard 
first  surface  mirror  could  be  adjusted  to  be  a few  wavelengths  of  light. 
We  thus  observed  a pattern  containing  between  three  and  six  fringes. 

The  pat«Tn  was  split  in  the  middle  because  of  the  abrupt  junction.  A 
shift  of  0.5  fringes  was  observed  across  the  pattern  due  to  the  CdS  film. 
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Using  tho  result 

distance  moved  = (0  of  fringes  dl sp laced)  (y) 

= CCdS  film  thickness)  (2.3.1.) 

o o 

for  a wavelength  of  6328A,  we  estimate  the  film  thickness  to  be  1582A. 

An  alternate  method  based  on  the  geometry  of  the  evaporation  pro- 
cess was  also  used.  Assuming  uniform  evaporation  over  a hemisphere  and 

knowing  the  total  amount  of  CdS  evaporated  yields  a thickness  of  approx- 
<» 

imately  2300A.  Using  the  Tnf  icon  Deposition  Rate  Monitor  indicates  a film 
thickness  of  4500A  but  its  sensor  is  only  2/3  as  far  from  the  evapora- 

O 

tion  boat  as  is  the  substrate  wliich  implies  a thickness  of  4500A  (4/9)  = 

O 

2000A. 

In  any  case,  these  films  arc  much  thinner  than  expected.  Thus  it 
is  possible  that  still  larger  conductivities  can  be  obtained  by  longer 
evaporations.  Of  course,  on  I.iNbO.j  the  total  thickness  of  the.  two  layers 
is  twice  the  thickness  measured  in  these  experiments. 

1 1 . 3 . 2 . Surface  Properties 

The  films  were  examined  under  an  electron  microscope  at  various 
stages  of  fabrication.  The  surface  of  the  bottom  film  is  smooth  with 
no  obvious  structure.  On  a Ip  scale  it  looks  something  like  rough  con- 
crete. Once  cured,  a definite  crystallization  becomes  evident.  The 
film  looks  like  a tile  floor  with  irregularly  shaped  but  smoothly  fit- 
ting tiles.  On  top  of  the  film  is  what  appears  to  be  excess  CdS  dust. 

The  crystallites  have  between  four  and  six  sides  and  are  between  one- 


half  to  one  micron  In  diameter. 
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With  the  second  layer  deposited,  the  surface  looks  very  hilly  and 
Irregular.  But  after  curing,  we  are  again  left  with  a smooth  film  with 
clear  crystallite  boundaries,  although  not  as  smooth  as  the  bottom  film. 

Fig.  (2.3.1.)  shows  the  surface  of  this  final  film.  Notice  that  again 
there  is  dust  sprinkled  on  top  of  the  film.  We  are  giving  some  thought 
to  see  whether  this  curing  artifact  can  be  prevented  or  removed.  It  is 
quite  significant  tliat  tliere  are  no  holes  or  tears  in  the  film  even 
though  it  is  quite  tliin. 

11.3.3.  Film  Conductivity 

We  have  measured  the  i-V  characteristics  of  CdS  films  on  Ll.NbO.^. 

The  voltage  was  varied  over  4 decades  and  the  i-V  curve  was  found  to 
be  linear.  The  contact  separation  was  about  75u.  Assuming  the  crystal- 
lites to  be  Ip  wide,  there  were  75  crystallites  between  any  pair  of  con- 
tacts. Let  us  assume  that  the  barrier  model  of  conductivity  holds  for 
our  films,  so  that  we  can  assume  the  current  to  be  of  the  form 

1 = lQ(exp(-<ti/kT)  (exp(qV^/kT)  - 1]  (2. 3. 2.1) 

where  is  barrier  voltage  between  crystallites,  and  is  the  drift  voltage 

1181 

across  each  barrier^  . Now  if  qV^j  kT,  the  above  expression  can  be 
suitably  expanded  to  give  a linear  1-V  characteristic.  However,  at  the 
highest  applied  voltage  we  used  (20  V),  is  about  20/75  - .267  V. 

Thus  qVj  is  about  10  times  kT  and  one  would  expect  highly  non-linear  i-V 
curves.  Since  this  does  not  happen,  we  think  that  either  the  barrier 
model  does  not  apply  to  our  films  or  (2. 3. 3.1),  quoted  in  may  papers, 
is  an  over  simplification.  Appendix  E describes  an  alternative  theory 
which  does  agree  with  our  data. 
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We  obtained  a linear  curve  for  current  versus  voltage  from  V = 0.002  V 
to  V = 20  volts,  i.e.,  over  4 decades.  The  dr  1 f t-eleci  r 1 c field  changes 
from  E = 0.2  V/cm  to  E = 2 x 10^  V/cm. 

We  next  measured  the  variation  of  photocurrent  with  llp.ht  wavelength. 
The  normalized  curve,  given  in  Fig.  2.3.2,  shows  the  band  edge  to  be  at 
505  nm  which  corresponds  to  a band  gap  of  2.46  V,  The  photocurrent 
drops  sharply  at  liigher  wavelengths.  However,  there  is  a secondary 
maxima  at  560nm,  which  corresponds  to  a level  0.25  V from  the  valence 
band.  A similar  level  was  detected  in  our  Cd.S  films  on  glass.  We  be- 
lieve this  to  be  a sensitizing  center  with  low  capture  cross-section  for 
electrons.  These  measurements  were  made  using  the  new  E.G.  and  G,  High 
Sensitivity  Spectroradlometer . 

The  next  measurement  was  the  variation  of  photocurrent  with  white 
light  intensity,  showing  clearly  the  power -law  behavior  of  the  conduct- 
ivity. There  is  a suprallnear  variation  with  an  exponent  1.4,  However, 
our  films  on  glass  had  an  exponent  lying  between  0.8  and  1,  probably 
due  to  sensitizing  centre  lying  closer  to  the  valence  band  (0.15  ev) . 

We  also  measured  the  rise  and  decay  times  of  the  photocurrent  for  dlf- 

3 

ferent  white  light  intensities  from  40  to  10  m.cd.  Tire  rise,  as  ex- 
pected is  an  order  of  magnitude  larger  than  the  decay  time.  The  de- 

3 

cay  time  changes  from  28  msec  at  low  intensities  to  3 msec  at  10  m.cd. 

From  the  decay  time  one  can  calculate  the  trap  density  at  the  position 

15  -3 

of  the  Fermi  level.  N^kT  seems  to  be  about  5 x 10  cm  at  a distance 
of  about  0.45  e.v.  from  the  conduction  band.  To  Investigate 
trap  densities  closer  to  the  conduction  band  one  would  have  to  perform 
cryogenic  measurements. 


d 
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II. 4.  Experimental  Confirmation  of  Pseudo  Beam  Steering  and  Fourier 
ImaRlnK 

The  successful  fabrication  of  the  CdS  films  is  merely  one  crucial 
step  in  building  a sensor.  The  next  step  is  the  metallization.  By 
this  we  mean  the  process  of  producing  contacts  which  serve  as  bias  and 
signal  detection  ports  as  well  as  transducers.  In  addition,  the  sub- 
strate may  require  metallization  for  shielding  purposes.  These  steps 
complete  the  sensor.  Next  comes  a challenging  problem  in  circuit  design 
to  enable  the  extraction  and  amplification  of  the  signal. 

Work  on  all  three  aspects  (CdK,  metallization,  circuits)  has  pro- 
ceeded in  parallel.  During  the  Summer  of  1976,  we  designed  a self- 
contained  system  using  voltage-controlled  oscillators  for  scanning  Four- 
ier space.  We  tested  several  sensors  with  this  system  but  the  results 
were  ambiguous  since  the  sensors  were  very  poor.  At  that  time  our  films 
all  suffered  from  either  peeling  or  poor  light  sensitivity.  We  did, 
however,  make  some  measurements  and  report  them.  The  description  of 
these  experiments  and  their  results  may  be  found  in  Appendix  B.  Among 
the  conclusions  was  the  fact  that  the  circuits  designed  for  driving  the 
transducers  so  as  to  provide  circular  sweeps  through  Fourier  space  needed 
to  be  significantly  improved  for  quantitative  use.  For  this  reason, 
we  decided  to  concentrate  on  improving  the  sensor  and  to  use  test  equip- 
ment to  evaluate  performance  rather  than  concern  ourselves  with  circuit 
improvements . 

Once  good  films  were  available,  our  first  problem  was  metallization. 
We  observed  years  ago  that  indium  makes  good  ohmic  contact  to  CdS  while 
aluminum,  the  material  normally  used  in  SAW  technology,  does  not.  Also, 
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w<>  cannot  nso  the  "ft  ( liin)’,'  to  chni  qii'*  to  tastiion  tiif  metal  finsters  from 
the  vacuum — clepostted  metal  film.  Any  etcliant  that  will  remove  metal 
will  remove  (hlS.  Thus  we  had  to  learn  a more  sophisticated  technique 
known  as  the  "lift-off"  method. 

In  order  to  produce  the  metal  1 i;tat  ion  by  lift-off,  one  prepares 
the  CdS  film  as  discussed  in  Section  11.2.  After  cleaning,  photoresist 
is  spun  on  usinp  a cent  r i fue.al  platform.  This  photoresist  is  then  exposed 
in  a mask  alip.ner  to  an  optical  pattern  provided  in  the  shape  of  the 
wanted  metallization.  The  resist  is  then  developed  and  washed.  This 
leaves  behind  a pattern  of  resist.  Then  the  Indium  metal  is  vacuum  de- 
posited and  washed  with  acetone.  If  the  deposition  is  properly  done, 
some  indium  will  sit  on  top  of  the  resist  lines,  and  some  will  sit  in 
the  valleys.  As  long  as  the  photoresist  is  thicker  than  the  indium  and 
the  indium  "beam"  is  highly  col  1 imated"  dtn-ing,  evaporation,  the  indium 
film  will  be  segmented.  The  acetone  can  then  burrow  into  the  resist 
lines  from  the  edges  and  "lift"  awav  the  resist  and  the  metal  resting  on 
top.  This  leaves  t lie  low-lving  metal  lines  intact. 

Unfortunately,  indium  films  thin  enough  for  lift-off  turned  out 
to  have  a very  poor  conductivity.  This  is  a serious  problem  because 
of  the  length  of  our  finger  patterns.  We  solved  this  problem 
by  a thin  film  of  aluminum  on  top  of  the  indium  film.  Such  sandwich 
films  permit  the  indium  to  make  ohmic  contact  to  the  C.dS,  while  the  al- 
uminum films  permit  the  long  surface  conduction  route.  The  details 
of  these  steps  are  still  undergoing  improvement  at  this  time. 

One  problem  still  remains  because  of  the  need  for  the  image  to  be 
sampled  in  both  directions.  The  metal  sandwich  samples  along  one  dir- 
ection. Kither  an  external  grid  running  perpendicularlv  to  the  metal 
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lines  must  be  suspended  just  above  the  sensor,  or  else  the  CdS  Itself 
must  be  etched  into  lines  before  using  the  lift-off  technique. 

Both  metliods  have  advantages.  Ktching  the  CdS  film  produces  some 
degradation  and  introduces  a small  non-uniform  acoustic  mass  loading. 

It  also  encodes  the  dark  current  on  the  same  carrier  as  the  optical 
signal.  On  the  other  hand,  the  projected  grid  is  somewhat  inconven- 
ient . 

The  most  significant  factor  until  the  present,  however,  is  the  fact 
that  with  the  etched  films,  the  lift-off  is  much  more  difficult  due  to 
the  non-uniform  surface  for  the  photoresist  to  spread  over.  Fig.  (2,4.1) 
shows  the  typical  result  wlien  etched  CdS  is  used.  The  ('dS  (black  ver- 
tical lines)  is  not  completely  covered  bv  the  metal  lines  (white  hori- 
zontal lines).  At  the  upper  left  and  lower  right,  small  sections  of 
the  transducer  contacts  can  be  seen.  At  the  lower  left,  the  contact 
pattern  and  the  CdS  fingers  are  evident.  The  metal  contact  fingers  are 
broken  at  the  steep  edges  of  the  CdS  film.  We  are  working  to  prevent 
this  by  adjusting  the  various  thicknesses.  Thus  all  successful  devices 
are  of  the  projected  grid  varietv. 

The  photograph  shows  clearly  that  the  sampling  of  the  image  cor- 
responds to  one  sample  per  acoustic  wavelength  in  each  direction.  The 
distance  between  active  CdS  "squares"  equals  the  period  of  the  trans- 
ducer pattern.  These  sensors  have  100  x 100  CdS  squares  covering  an 
area  of  12  mm  x 12  mm.  The  whole  sensor  fits  on  one  half  of  a two-inch 
diameter  LlNb0.j  wafer.  The  transducers  contain  15  finger-pairs  and  are 
apodlzed  with  a sine  function  overlap. 
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IT.  4.1.  Unidirectional  Sensor 

The  first  truly  successful  device  was  a unidirectional  sensor  based 

on  the  principles  and  fabrication  techniques  described.  This  device  was 

built  since  it  was  deemed  easier  to  evaluate  than  a full  two-dimensional 

system.  The  crystal  was  subjected  to  x-ray  analysis.  We  were  able  to 

identify  the  x and  v axes  of  the  wafer  by  comparing  our  pictures  to  pub- 
f 7 A 1 

lished  data‘  . The  wafer  was  cut  in  half  along  a line  13.5°  from  the 
true  x-axls.  This  cut  became  the  "x-axis"  referred  to  in  all  of  the 
previous  equations.  This  axis  was  choosen  since  it  yields  the  most  ident- 
ical acoustic  behavior  to  its  orthogonal  axis,  which  we  have  referred 
to  as  our  "y-axis." 

In  this  first  sensor  four  transducers  were  fabricated,  two  on  each 
side  of  the  CdS  film/contact  region.  These  transducers  were  made  from 
the  same  mask  as  those  mentioned  above.  They  liad  center  frequencies  of 
28.2  MHz  and  a useable  bandwidth  of  4.0MHz.  Acoustic  insertion  loss 
measurements  were  made  by  exciting  one  transducer  and  detecting  the  de- 
layed signal  at  the  farthest  transducer.  Since  we  observed  a 40  dB  loss, 
we  decided  to  tune  out  the  transducer  capacitance  using  small  ferrite- 
filled  adjustable  inductors.  Using  an  r.f.  Impedance  meter,  we  deter- 
mined the  required  inductance  to  be  approximately  Iph . With  match- 
ing, the  insertion  loss  was  reduced  to  18  dB,  a very  respectable  figure. 

In  a unidirectional  device,  one  has  to  measure  either  the  sum  or 
difference  frequency.  The  capacitance  of  the  contact  pattern  made  mea- 
surement of  the  sum  ('60  MHz)  an  unappealing  choice.  Thus  the  device 
was  operated  without  sampling  along  the  x-dlrectlon,  and  excited  by  two 
transducers  on  the  same  side  of  the  CdS/contact  region.  In  this  case, 
in  place  of  (2.1.24),  we  obtain 
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i(t)  n exp  1(w^  - W2)t  < ^ ^ (2.4.1) 

where  f .,  f „ , are  the  spatial  frequencies  of  the  acoustic  waves  at 
xl  x2 

radian  temporal  frequencies  > respectively.  Thus  we  obtain  base- 

band spatial  components  without  sampling. 

Our  first  attempts  to  measure  the  signals  were  not  successful.  An 
enormous  feedthrougti  signal  presented  itself.  We  were  quite  disappointed 
as  we  had  naively  expected  that  feedthrough  at  30  MHz  would  be  nicely 
removed  by  a low-pass  filter  in  the  detector,  leaving  us  with  a low  dif- 
ference f requency  . Unfortunately,  the  30  MHz  signals  were  so  large  that 

w 

mixing  was  occurring  in  the  detection  electronics.  This  was  largely 
solved  by  depositing  an  aluminium  film  on  the  bottom  surface  of  the  sub- 
strate, grounding  it  effectively,  and  by  grounding  one  side  of  each 
transducer  to  it.  This  reduced  the  r.f.  fields  straying  into  the  con- 
tact area. 

Even  with  attention  to  shielding,  we  still  observed  image  independ- 
ent difference  frequency  signals.  There  appear  to  be  two  methods  that 
could  reduce  this  further.  One  is  to  operate  the  device  in  a gated  mode, 
using  the  surface  wave  delay  property  to  detect  the  signal  during  the 
time  when  the  transducers  are  not  being  driven.  This  requires  a sepa- 
ration between  closest  transducer  and  the  CdS/contact  region  of  at  least 
two  contact  pattern  lengths.  At  the  time,  we  were  unable  to  fabricate 
a device  with  that  much  "open  space". 

The  other  alternative  was  to  build  a very  selective  low-pass  filter 
to  be  inserted  directly  at  the  contact  terminal  port,  rather  than  at 
the  detector  output.  Such  a filter,  with  60  dB  separation  between  30  MHz 
and  the  desired  signals  (between  zero  and  4 MHz),  did  effectively  put  an 
end  to  the  feedthrough  problem. 
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With  these  improvements,  we  were  able  to  detect  the  lon^  hoped  for 
difference  frequencv  sipnal  which  was  imaRe  dependent,  and  disappeared 
in  the  dark.  The  device  was  operated  with  tlie  bias  current  electronically 
maintained  at  a constant  level  of  0.25  mA.  The  sensor,  with  a resistance 
of  IKii,  acted  like  a current  source  since  it  was  terminated  in  15fi. 

Tn  a typical  experiment,  one  transducer  was  tuned  to  28.2  MHx, 
while  the  other  was  swept  between  26.13  MHz  and  31.33  MHz.  Grid  patterns 
were  illuminated  l>y  an  8 milliwatt  HeNe  laser  and  focused  on  the  CdS 
film.  Periodic  grids  were  chosen  whose  spatial  frequencv  corresponded 
to  the  available  values  of  f^^  - f ^^2 ' ^ typical  output  is  shown  in  Fig. 
2.4.2.  The  upper  trace  is  for  a grid  with  period  2.08  mm  and  the  lower 
trace  is  for  a grid  with  period  3.47  mm.  The  center  portion  of  both 
traces  represents  the  average  value  of  the  light  intensity,  zero  spatial 
frequency.  It  is  a sine  function  wiiose  width  (0.3  MHz)  is  the  same  as 
the  high  frequency  peaks  due  to  the  aperture  smoothing  effect.  The  cen- 
ter null  in  the  zero  component  is  an  artifact  of  tiie  detection  electron- 
ics having  a low  frequencv  cut-off. 


Since  we  have  a wave  vector  k,  - k„  and  a radian  frequencv  lo,  - 

lx  2x  ^1 


W2>  the  effective  "velocity"  of  this  pseudo  wave  is 


“l  - “2  ''r^'^1  ■ *^2^ 


''P  ' k - k. 


ki  - k^ 


(2.4.2) 


where  v is  the  Rayleigh  wave  velocity  of  each  acoustic  wave.  For  z-cut 
K 

LlNb0_  with  "x-directed"  waves,  v„  - 3820  m/s.  This  tells  us  that  an 
3 R 

object  with  a spatial  period  of  2.08  mm  should  be  Imaged  when 


n 
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Fig.  2.4.2.  Typical  Results  Using  the  Unidirectional  Electrophotocon- 


ductive  Sensor.  The  traces  represent  amplitude  as  a func- 
tion of  spatial  frequency. 


3820 

.00208 


1 .84  MHz 


(2.4.3) 


"f  ■ - fx2>  ■ -R 


where  Af  is  the  measured  difference  temporal  frequency.  Indeed,  the  peaks 
in  the  upper  trace  were  centered  at  + 1.84  MHz. 

If  an  imaged  grid  was  expanded  and  contracted  by  the  use  of  a tele- 
scope, the  twin  peaks  moved  in  and  out  just  as  expected. 

Thus  we  were  convinced  that  the  electrophotoconductive  effect  was 
significant  and  yielding  the  expected  Fourier  behavior,  '/e  studied  the 

magnitude  of  the  measured  modulation  of  the  photoconductivity  and  found 

LE  2 L 

that  our  acoustically  induced  signals  correspond  to  o ' 'E  /o  = 0.2,  l.e., 
a 20Z  modulation  of  the  photoconductivity.  This  is  a remarkably  large 
nonlinearity  and  represents  a significant  physical  measurement  quite 
apart  from  its  information  processing  aspects. 

It  is  also  worth  noting  that  these  measurements  correspond  to  acous- 
tic power  densities  of  ~ 4 milliwatts  per  mm  of  aperture  and  is  achieved 
with  driving  voltages  of  a few  volts.  The  modulation  was  linear  as  a 
function  of  fP ^^2  where  , P^  are  the  acoustic  powers  generated  at  the 


two  transducers. 
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II.  4.2.  The  I’wo-Dlmenslonal  Sensor 

Based  on  the  success  of  the  unidirectional  sensor,  we  fabricated  a 
two-dimensional  sensor  such  as  shown  in  Fig.  2.1.1.  As  pointed  out  in 
Section  11.4  the  actual  sensor  is  at  present  fabricated  using  an  unetched 
CdS  film.  A contact  pattern  is  metallized  on  a thin  glass  plate  which 
is  supported  just  above  the  substrate  by  tape.  These  metal  lines  are 
perpendicular  to  the  CdS  contacts  lines  and  thus  provide  the  required 
image  sampling. 

This  sensor  requires  all  of  the  Improvements  described  in  the  pre- 
vious section.  It  is  mounted  in  an  aluminum  box  with  an  opening  for 
the  light.  No  lens  is  used  on  the  box  at  present  since  we  can  pro;ject 

O 

good  quality  images  using  a beam  o'"  coherent  light  (6328A)  . 

Fig.  2. 4.. 3 shows  the  schematic  representation  of  the  test  set-up. 
The  orthogonal  transducers  generate  the  acoustic  waves  because  of  the 
piezoelectric  nature  of  the  LiNhO^.  As  in  the  unidirectional  sensor, 
the  metal  finger  patterns  produce  electric  fields  which  then  couple  to 
the  substrate  exciting  Rayleigh  waves. 

The  experiments  per  formed  were  meant  to  give  convincing  proof  that 
the  strong  ac  ustlcally  Induced  modulation  of  the  photoconduct ivltv 
did  produce  the  pseudo  beam  steering  effect  required  for  two-dimensional 
transform  Imaging.  Basically  this  required  us  to  do  experiments  similar 
to  those  performed  on  the  unidirectional  device,  and  then  show  that  as 
the  image  is  physically  rotated,  the  device  can  electronically  track 
the  image  spatial  components  angle  for  angle. 


Fig.  2.4.3.  Test  Set-Up  for  the  Two-Dimensional  Sensor.  Note  the  com- 
pensating inductors  for  each  transducer. 
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We  also  were  able  to  make  phase  measurements  verifvinR  that  the 

sensor  satisfies  the  Fourier  translation  theorem  alonp  any  arbitrary 

i 

axis . 

I Again  wo  used  objects  with  only  three  components  within  the  band- 

width of  the  system.  The  projected  gratings,  with  periodicities  of 
I between  two  and  four  millimeters,  have  their  zero  spatial  frequency  com- 

I ponents  in  the  middle  of  the  reduced  space  while  their  fundamental  fre- 

quencies were  within  the  4 MHz  x 4 MHz  reduced  space.  Harmonics  mostly 
I fell  outside  the  reduced  space  scanned  by  the  transducers. 

Our  first  task  was  to  map  out  the  reduced  space  in  terms  of  temporal 
I frequencies.  That  is,  we  had  to  find  out  exactly  what  temporal  frequency 

combination  (oj^,  cj^)  corresponded  to  “ Ry  “ center  of  the  re- 

duced space.  We  also  used  to  identify  the  temporal  frequencies  corres- 
ponding to  the  axes,  g =0  and  g =0.  This  we  did  by  projecting  a 

X y 

grid  so  that  its  spatial  frequencies  were  along  the  g^  axis.  By  search- 
ing we  found  a line  in  temporal  frequency  space  ^ = 30.15  MHz,  26.63  MHz 
< ( ^ 30.93  MHz)  along  which  we  observed  the  two  symmetric  fundamental 

lobes,  plus  a large  central  peak.  Other  lines  would  at  most  have  one 
peak.  Similarly,  by  rotating  the  grid  90°,  we  were  able  to  find  the 
useful  g^  axis  corresponding  to  (f^  = 28.72  MH^,  27.6  MHz  f2  ^ 31.5  MHz). 
Thus  the  center  of  frequency  space  corresponds  to  (28.72  MHz,  30.15  MHz). 
From  this  point  on,  we  can  extrapolate  to  find  any  point  in  the  reduced 
space , 

By  using  the  grid  in  the  two  different  orthogonal  orientations, 
we  can  calculate  the  velocities  of  the  two  surface  acoustic  waves.  Know- 
ing the  value  of  g^ , the  spatial  frequency,  obtained  by  ruler,  we  can 

f 

I 
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determine  the  experimental  values  and 
appears  for  the  two  orientations.  Then 

^1  (0, 

^1  ” 2tiv  “ 7 V 
X V 

where  v and  v are  tlie  phase  velocities  of 
X y 

Thus  we  obtain 


at  which  the  fundamental 


(2.4.4) 

the  two  acoustic  waves. 
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26.96  MHz 


0.988 


(2.4.5) 


for  the  ratio  of  the  velocities,  usinR  the  actual  frequencies. 

The  next  stage  In  these  experiments  was  to  electronically  rotate 
the  spatial  frequency  space.  Starting  out  along  the  y-axls,  we  rotated 
the  grid  in  10°  steps,  which  was  sufficient  to  completely  eliminate  the 
signal.  While  continuing  to  scan  In  one  direction,  the  constant  fre- 
quency source  Is  readjusted  to  recapture  the  signal  as  shown  in  Fig. 
2.4.4.  Each  trace,  corresponding  to  one  10°  step  with  the  appropriate 
readjustment,  represents  a straight  line  in  frequency  space.  As  can 
readily  be  seen,  the  peak  moves  "in"  toward  the  axis  orthogonal  to  its 
original  orientation.  That  is  the  projection  of  the  spatial  frequency 
vector  starts  out  parallel  to  the  scanning  dimension  and  is  then  rotated 
away.  Note  that  the  zero  frequency  peak  disappears  after  several  scans 
since  it  remains  centered  on  the  original  scan  line.  It  will  reappear 
as  the  rotation  nears  180°.  Each  trace  represents  a horizontal  line  In 
frequency  space,  eacii  with  a different  ^2  Intercept, 

Fig.  2.4.5  sliows  the  results  of  an  identical  experiment  using  a 
different  grid.  These  peaks  are  the  same  width  as  in  the  previous  fig- 
ures as  predicted  by  (2.1.19). 
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Fig.  2.4.4.  The  Magnitudes  of  Spatial  Frequency  Components  Along  Hori- 
zontal Axes  in  Fourier  Space.  F.ach  trace  shows  the  move- 
ment of  a frequency  component  under  successive  10°  rotation 
of  the  image . 


Fig.  2.4.5.  The  Magnitudes  of  Spatial  Frequency  Components  for  a 
Different  Grid  Object. 
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Experiments  of  this  tvpe  were  carried  out  over  an  entire  360°  rota- 
tion. It  was  possible  to  track  a spatial  frequency  component  through- 
out. Furthermore,  it  was  usually  possible  to  find  both  non-zero  funda- 
mental frequency  components.  Table  2.1  shows  typical  data  from  such  an 
experiment.  Here,  after  each  rotation,  the  principal  three  components 
were  reacquired  by  changing  one  frequency,  and  scanning  along  the  other 
In  each  case,  the  zero  frequency  peak  was  checked  and  the  other  funda- 
mental lobe  was  found  also.  As  the  data  shows,  a rotation  of  the  image 
away  from  the  y-axis  is  compensated  for  by  decreasing  f^  and  increasing 
for  the  third  quadrant  fundamental  peak  (A),  and  by  increasing 
and  decreasing  f2  in  the  first  quadrant  peak  (b ) . The  zero  frequency 
peak  remains  virtually  unchanged  as  expected. 
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Table  2.1  Pseudo  Beam  Steering  F.xperiment.  For  each  rotation,  the  spatial 
frequencies  of  all  three  prominent  components  are  given  and 
their  amplitudes  noted.  0 is  measured  from  the  y-axls.  Amp- 
litudes are  at  the  detector  output. 
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Those  results  arc  stronr,  evidence  for  the  pseudo  beam  steerinp  ef- 
fect. Indeed,  the  very  fact  of  obtaining  these  signals  at  all  Is  strong 
evidence  since  the  existence  of  slpnals  depends  on  the  vector  addition 
of  the  wavevectors  in  order  for  the  Image  transform  space  and  the  acoustlc- 
space  to  be  superimposed. 

It  will  be  noticed  that  the  data  points  have  some  quantitative  dis- 
crepancies. Components  A and  H do  not  have  the  same  amplitudes,  and 
the  frequencies  do  not  varv  uniformly  from  one  point  to  the  next.  We  be- 
lieve that  this  Is  due  to  very  strong  nonuniformities  in  the  acoustic 
fields.  In  this  sensor,  apodized  transducers  are  used.  These  transducers 
have  a highly  non-uniform  amplitude  over  the  wavefront,  since  some  fin- 
ger pairs  only  generate  acoustic  waves  near  the  center  line,  while  others 
generate  .across  the  entire  wavefront. 

There  .ire  alternative  designs,  however.  We  could  employ  multistrip 
couplers  to  cre.it e uniform  wavefronts,  or  we  could  use  a simpler  trans- 
ducer with  mor>  gr.idu.il  fall  off  at  hand  edge,  hut  unapodized.  We  have 
chosen  the  second  approach  for  the  time  being. 

To  perform  phase  me.asurements , the  set  up  of  Fig.  2.4.’?  needs  to  be 
modified.  Since  the  difference  frequency  is  generated  in  the  CdS  film, 
there  is  no  reference  against  which  the  signal  phase  can  be  measured. 
Therefore,  a reference  must  be  created  electronically  by  mixing  signals 
from  the  same  generators  that  drive  the  transducers.  Fig.  2.4.6  shows 
the  test  set-up  devised  for  this  purpose.  Naturally,  .absolute  phase  is 
not  particularly  useful  at  this  stage,  but  relative  phase  is  of  great 
Interest.  Specifically,  we  want  to  determine  if  the  device  operates  con- 
sistently with  the  Fourier  translation  theorem.  Thus  we  want  to  measure 


Fig.  2. 


4,6.  Phase  Oetectlon  System.  The  mixer  together  with  the  quadra- 


tlve  hybrids  create  the  reference  signals  which  the  HP  Network 
Analyser  can  compare  to  the  DF.FT  sensor  output. 
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the  change  of  phase  of  a given  spatial  frequency  component  as  a function 
of  image  displacement . These  measurements  were  made  successfully  for 
the  glass  substrate  sensors  using  the  linear  change  of  photoconductivity 
with  strain  and  formed  the  basis  for  the  motion-detection  aprpl  ication . ^ ^ 
Qualitative  measurements  resulting  from  our  set  up  were  most  encour- 
aging. Fig.  2.4.7  reveals  the  linear  variation  of  phase  with  frequency 
for  a stationary  grid  image  pattern.  As  can  be  readily  seen,  the  phase 

is  linear  in  the  region  of  the  peak,  and  deteriorates  off  the  peak  since 

there  is  really  no  signal  being  detected.  As  the  image  is  displaced  in 
any  direction,  the  straight  line  sweeps  across  the  peak  region,  while 
the  peaks  remains  stationarv,  save  for  some  minor  changes  in  detail. 

This  is  quite  consistent  with  the  Fourier  translation  theorem, 

l^(r  - r^)  1(1)  exp  -j2iT[f  • rQ]  (2.4.6) 

where  f = f x + f v. 

X y 

More  generally,  from  (2.1.19) 

Il(r  - r^)  S(r)  A(r)  I (g)  exp-i2-n(  P,  • r^]  (2.4.7) 

where  g = g y + g y,  the  reduced  vector  spatial  frequency,  and  7 is  the 

X y 

smoothed  version  of  I . 

Thus  we  expect  a linear  change  in  phase, 

■V  = -2tt  g • r^  (2,4.8) 

for  a displacement  of  the  image  r^ , This  implies  that  in  order  to  tell 
the  direction  and  distance  involved  in  the  displacement,  two  measurements 
of  i must  be  made,  although  only  one  spatial  frequency  is  needed. 
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Fig.  2.4.7.  Phase  and  Amplitude  versus  Frequency.  With  one  frequency 
fixed,  we  see  the  amplitude  and  phase  as  a function  of  the 
scanning  frequency  near  a peak.  Phase  Is  shovm  in  the  up- 


per trace,  amplitude  In  the  Itiwer. 
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We  set  out  to  check  (2.4.8)  quantitatively  as  well.  After  adjusting 
the  image  so  that  its  fundamental  spatial  frequency  vector  Is  along  a 
particular  direction,  measured  bv  protractor  from  the  object  Itself,  we 
translated  the  image,  using  precision  micrometer  translation  stages,  in 
the  x-direction  and  the  y-direction  until  we  had  measured  some  specific 
phase  change. 

From  (2.4.8) 

i = -2iT;g.|/  X cos  0 (2.4.9) 

for  motion  along  the  x-axis.  Ax,  where  8 is  the  smallest  angle  between 
g.  and  the  x-axis. 

Similarly  for  translation  along  the  y-axis, 

= -2it  |g^|  Ay  sin  9 . (2,4,10) 

As  one  additional  check,  suppose  that  we  choose  ~ > then 

P-  = cotan  0 (2.4,11) 

Ax 

Table  2,2  shows  data  for  this  case,  = $ = 2’i,  a particularly 

X y 

easy  phase  to  measure  of  the  HP  Network  Analyser.  The  results  from 
(2.4.9),  (2.4.10),  and  (2.4.11)  yield  the  correct  orientation  for  the 
pattern  to  within  10%.  This  is  a very  strong  quantitative  test  of 
pseudo  beam  steering,  and  therefore,  of  Fourier  imaging. 


Ay 

measured 

Ax 

measured 

6 

(2.4.10) 

0 

(2.4.9) 

0 

(2.4.11) 

0 

measured 

,0659" 

.0761" 

45. S” 

51.6° 

49° 

47° 

TABLE  2,2.  Quantitative 
Ig^l  - 833.3 

measurement  of  angle 
m a period  of  1.2 

from  phase 
mm. 

measurements.  Here 
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II. 4. 3.  Conclusions 

We  have  successfully  fabricated  a monolithic,  two-dimensional  acous- 
tooptlcal  processor,  yielding  real-time  Fourier  transform  magnitude  and 
phase  data.  This  is  a significant  breakthrough.  As  we  will  discuss  In 
Section  V,  this  technology  mav  have  benefits  considerably  beyond  the  con- 
fines of  the  applications  already  demonstrated,  and  even  envisioned,  for 
Fourier  image  processing  systems.  The  magnitude  of  the  acoustically- 
induced  modulation  is  so  large  that  convolvers  and  correlators,  includ- 
ing memory,  may  be  fashioned  using  CdS  on  I.lNbO^,  using  either  a one-  or 
two-dimensional  geometry. 

The  fact  that  the  effect  is  so  profound  (20%  modulation  of  the  photo- 
conductivity), coupled  with  our  success  in  making  stable,  highly  photo- 
conductive  films  of  CdS  on  7.-cut  Li*lb0^,  implies  that  we  can  concentrate 
our  efforts  on  improvements.  We  are  striving  now  to  improve  film  uni- 
formity, since  the  current  films  have  photoconductivity  variations  of 
50%  over  the  surface.  Evidence  leads  us  to  believe  this  problem  is  cen- 
tered in  the  curing  stage,  caused  by  non-uniform  gas  flow  in  the  dif- 
fusion furnace. 

Improvement  in  transducer  design  is  also  a high  priority  aimed  at 
developing  a more  uni  form, col  1 imated  wavefront. 

Electronic  design  to  incorporate  drivers  and  detection  electronics 
is  also  of  great  interest  in  order  to  make  the  "sensor"  into  a "camera". 

Fig.  2.4.H  sliows  the  extent  to  which  tins  has  been  accomplished. 

The  sensor  Is  roughly  tlie  size  of  a penny,  while  the  entire  system  (sen- 
sor, detection  electronics)  is  contained  in  a box  25  cm.  x 6 cm.  x 2.5  cm., 
containing  five  transistors  and  about  thirty  passive  elements. 


d. 
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FiR.  3.4.8.b.  The  Camera,  On  the  left  is  the  cavity  containing  the  sen- 
sor anti  the  inductors  used  for  tunlnp,  the  transducers. 

The  central  four  cavities  hold  ttie  detection  filter,.  The 
rijtht  cavity  holds  the  hiaslnR  and  anplifylnR  circuits. 


Fis.  2.4.8a.  The  Sensor  (CdS,  contacts,  transducers,  on  LiSTiO^) 
the  size  relation  to  a U.S.  one  cent  niece. 


ote 
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III.  DKFT  1,1  GUT  VAl.Vr. 

A cons  Liter. lb  1 e effort  w.is  expended  to  fabrlc.ite  a two-dimensional 
DEFT  liRbt  valve.  Sucli  a system  is  shown  in  Appendix  I whicli  includes 
a description  of  its  basic  principles  of  operation.  This  device  relies 
on  str.aln-induced  birefringence  in  .a  light  valve  sandwich.  The  image 
is  focussed  on  the  surface  of  a I.iNbO.^  crystal.  This  device  is  very 
similar  operationally  and  schematically  to  the  electrophotoconductive 
device  except  that  the  interaction  region  has  no  CdS  and  no  contacts. 

This  is  due  to  the  fact  tliat  the  intensity  modulation  has  a component 
proportional  to  the  strain  squared.  The  modulated  light  passes  through 
the  polari zer-valve-analyxer  sandwich  and  is  detected  by  our  E.G.  + G,  high 
sensitivity  spectroradiometer  wltli  circuitry  tuned  to  the  difference 
frequency.  This  structure  requires  more  light  but  is  easier  to  build, 
at  least  for  use  as  an  optical  instrument,  since  it  is  made  from  exist- 
ing hardware.  It  will  also  not  suffer  from  relaxation  time  effects, 
thus  providing  much  faster  time  response  to  image  changes.  It  should 
also  provide  more  spatially  uniform  processing. 

Such  a system  was  built  and  assembled  on  our  optical  table.  At 
present,  no  useful  data  has  been  obtained  because  the  hlNbO^  crystal 
appears  to  have  a verv  non-uniform  Internal  birefringence.  Theoretical 
work  indicates  such  natural  b ire f rengence  should  be  very  small,  but 
would  not  be  too  serious  even  if  it  exists.  Unfortunately,  this  effect 
is  quite  non-uniform  over  the  active  area  of  the  device.  Thus  the  pol- 
arizers are  unable  to  cancel  out  this  natural  birefringence,  causing  a 
complex  pattern  of  light  to  exit  the  sandwich.  This  amount  of  light  is 
too  great  to  allow  the  detection  of  the  signal  since  it  induces  a photo- 
current in  the  highly  sensitive  detector  of  approximately  10  ^ amperes. 
Although  this  effect  is  essentially  d.c..  It  creates  a large  noise  signal 
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in  the  detector  because  it  is  driven  close  to  saturation.  The  signals 

-9 

we  are  searciiing  for  were  calculated  to  be  In  the  range  of  10  amperes 
and  thus  are  ctjmpletelv  lost  in  the  noise. 

Our  current  effort  is  to  build  a bulk  travelling  wave  device  con- 
sisting of  a highly  polished,  optically  flat,  fused  quartz  s 1 .ah  with 
LlNb0.j  transducers  professionally  bonded.  This  system  will  work  at 
center  frequencies  of  40  MHz  with  15%  bandwidth.  Fused  quartz  is  not 
naturally  birefrlngent , thus  eliminating  our  main  difficulty.  Also, 
by  going  to  a bulk  wave  device,  a much  larger  interaction  length  be- 
tween the  optical  intensity  and  the  crossed  acoustic  fields  is  provided. 
The  bulk  waves  will  be  effectively  absorbed  by  careful  sandblasting  of 
the  edges  of  the  quartz  on  opposites  edges  from  the  tr.ansducers . Thus 
we  will  have  a travelling  wave  acoustic  system.  Standing  waves  are  not 
desirable  since  the  geometry  of  the  crystal  has  a dominant  effect  on 


acoustic  behaylor. 


rather  than  the 


t ransducers . 
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IV.  A mSCUSSION  OF  rHE  APPLICATION  OK  DKFT  SPATIAL  SPECTRAL  ANALYZERS 

IV.  1 . Im.-i^e  Reconstruction  from  DKIT  Spectra 

A DFFT  spectrum  .malyzer  perform.s  ttu*  function  of  Fourier  analysis 
bv  interroRat  i np,  the  inpur  imape  with  acoustic  waves  of  various  spatial 
frequencies,  in  particular  directions.  An  acoustic  wave,  launched  In  a 

Riven  direction,  with  a particular  spatial  frequency,  tests  the  imaRe 

- ► 

at  one  correspond inp  value  in  the  two-dimensional  k-space.  Bv  measur- 
ing the  spectrum  in  this  manner  at  a number  of  points,  the  entire  imaRe 
spectrum  can  he  sampled. 

To  reconstruct  the  image  from  tliis  information,  all  the  measured 
Fourier  components  have  to  be  reassembled,  with  due  regard  to  their  re- 
lative phase  values.  In  a two-dimensional  spatial  situation  such  as 
this,  each  frequency  component  can  be  viewed  with  phase  exhibited  as 
the  proper  translational  position  of  the  bars  of  the  grating.  The  co- 
herent addition  of  all  these  gratings  reconstructs  the  original  image. 

The  required  Fourier  process  is  provided  by  an  optical  lens  between 
its  front  and  back  focal  planes.  If  an  image  transform  is  offered  to 
such  a lens  with  the  spectral  components  properly  arranged  in  k-space 
in  the  front  focal  plane,  with  coherent  illumination,  an  image  recon- 
struction will  be  found  in  the  back  focal  plane.  It  is  Important  to  no- 
tice that  all  the  spectral  components  are  required  to  be  available  simu- 
ltaneously at  a given  time  for  the  coherent  optical  transform.ition  to 
take  place. 

The  DEFT  device  generates  these  components  in  serial  fashion,  and 
thus  some  storage  medium  between  the  ''EFT  forward  transformer,  and  the 
optical  Inverse  transformer  is  needed  to  handle  HEFT  data.  This  storage 
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merlianism  ran  he  an  optical  modulator  in  thf>  front  focal  i>lane  that  stores 
input  inf  Orrnat  ion  lonjt  enoiitth  for  all  of  the  ,s  i f;n  i f i can  t Fourier  compon- 
ents to  he  tested  hv  the  DKFT  device  and  loaded  into  the  modulator. 

Tlu-  same  storat’e  requirement  presents  itself  if  a second  DEFT  de- 
vice is  to  be  used  to  provide  the  Fourier  inversion.  The  spatial  spec- 
trum  of  the  imape  must  then  be  incident  in  optical  form,  arranged  in  k- 
space , on  the  seconil  DEF'i',  all  simultaneously  in  time.  Thvis  an  optical 
modulator  of  some  kind  is  still  needed  to  sort  and  store  the  data  in 
this  way,  and  the  second  DEFT  device  is  essentially  a replacement  for 
the  lens  in  an  optical  reconstruction. 

IV.  2 . Incoherent  Reconstruction 

The  use  of  an  incoherent  optical  modulator,  such  as  a CRT  does  not 
appear  to  produce  a viable  option.  Such  a liRht  source  does  not  provide 
the  spatial  pfiase  coherence  from  point  to  point  that  is  required  when  a 
lens  is  to  be  used  .as  a coherent  Fourier  transformer.  Each  r.adiatinR 
point  in  the  phosphor  screen  of  a CRT  is  an  independent  source  of  light, 
and  bears  no  relationship  to  tlu*  pli.ase  of  the  light  emitted  .at  anv  other 
point.  The  bantJwidth  of  the  radiation  is  large  enough  that  the  phase 
relationships  completely  change  in  a time  much  sitorter  than  the  minimum 
time  resolution  of  any  known  detector.  Thus  the  CRT,  or  its  equivalent, 
does  not  satisfy  the  requirement  that  the  various  spectr.al  values  in  k- 
space  be  reassembled  with  the  i>roper  ph.ase  re  I .it  lonsh  i p in  im.nte  recon- 
struct Ion  . 

The  question  may  arise  if  it  is  possible  to  perform  optically  in- 
coherent reconstruction  using  a CRT,  .and  an  integrating,  medium,  such  as 
photographic  film.  The  technique  which  is  suggested  to  write  a grating  on  the 
CRT  for  each  measured  spectral  component  from  the  PEFT  device,  in  the  form 
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of  a black  and  white  grating  pattern,  and  exposing  the  photographic  film 
to  this  pattern.  The  process  would  be  repeated  for  each  measured  spec- 
tral component  by  the  DEFT  device.  In  this  manner,  each  of  the  proper 
spatial  frequencies  present  in  the  original  image  vjould  be  built  up 
into  a reconstruction. 

The  difficulty  with  this  approach  is  the  required  bias  level  in 
each  contributory  grating.  Tn  coherent  methods,  each  spatial  frequency 
can  be  introduced  witliout  bias,  i.e.  the  grating  can  be  written  with  0 
bias,  swinging  positive  and  negative  In  value.  In  the  incoherent  met- 
thods,  the  grating  cannot  have  a value  less  than  0 (black).  Thus  a 
large  number  of  bias  terms  are  added  to  the  final  reconstruction,  which 
greatly  reduces  contrast,  signal-to-noise  ratio,  and  image  quality. 

IV.  3.  Coherent  Optical  Reconstructors 

There  are  a number  of  optical  coherent  area  modulators  in  existence. 
The  operation  of  these  are  based  on  1)  a mechanical  deformation,  2)  an 
electro-optical  effect  (usual Iv  the  Pockel's  effect),  or  3)  interaction 
between  an  acoustic  wave  and  an  optical  beam.  Competitive  two-dimensional 
devices  can  achieve  at  least  several  hundred  resolution  elements  along 
a side,  up  to  1000  elements.  Most  of  them  fall  within  a narrow  size 
range,  1 to  3 cm.  on  a side. 

Mechanical  deformation  can  be  induced  by  the  electrical  force  assoc- 
iated with  charge  deposited  on  a deformable  film;  this  is  the  case  in 
the  General  Electric  coherent  light  valve,  where  the  active  medium  is 
a thin  film  of  fluid  that  deforms  according  to  the  electron  beam  pattern 
produced  on  the  surface  of  the  fluid.  The  charge  is  deposited  by  an  elec- 
tron beam  in  a sealed  tube,  so  that  the  device  resembles  a CRT  with  the 


[ 
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oil  film  target  as  a replacement  for  the  phosphor  screen.  A 2 cm,  square 
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aperture  is  used  presently  for  the  active  raster-formatted  data.  An  in- 
crease in  size  would  entail  a major  expense  for  the  mechanical  redesign 
of  the  sealed  vacuum  tube. 

Also,  there  has  been  developed  at  Perkin- Klmer  a membrane  modulator 
In  which  mechanical  deflection  is  provided  by  a thin  membrane  overcoated 
on  a substrate,  containing  a matrix  of  holes,  each  one  delineating  a 
resolution  cell  of  the  modulator.  The  electric  force  can  be  provided 
directly  by  charge,  or  bv  combining  the  device  with  a photoconductor  which 
responds  to  an  input  optical  image. 

Electro-optical  effects  in  crystals  are  the  basis  of  another  class 
of  modulators.  A number  of  ferroelectric  crystals  exhibit  a change  in 
optical  birefringence  when  subjected  to  an  electric  field.  Birefring- 
ence refers  to  that  quality  of  an  optical  medium  in  which  there  is  a dif- 
ferent amount  of  optical  phase  shift,  or  phase  delay,  through  the  medium 
for  light  polarized  in  different  directions.  Thus  a crystal  used  as  a 
Pockel's  cell,  phase-modulates  a light  beam  passing  through  it  as  a func- 
tion of  the  electrical  excitation  and,  moreover,  the  amount  of  this  phase 
modulation  will  be  different  for  light  polarized  along  the  two  orthogonal- 
ly oriented  principal  axes  of  the  crystal.  It  can  be  shown  that  if  light 
polarized  at  an  angle  of  45“  to  these  axes  is  modulated  in  this  wav,  the 
linear  polarization  is  converted  to  elliptical  polarization  by  the  bi- 
refringence of  the  crystal.  If  the  resulting  light  is  now  analyzed  by  a 
polarizer  oriented  at  right  angles  to  the  original  polarization  axis  of 
the  light,  the  final  light  beam  obtained  from  the  second  polarizer  will 
be  amplitude-modulated  by  the  action  of  the  Pockel's  cell.  Thus  both 
phase  and  amplitude  optical  modulation  can  be  ob t alned . ^ ^ ^ ^ ^ 
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The  Itek  "PKOM"  fPeckel's  Read-<Hit  Optical  Modulator)  is  an  example 
of  this  techni(iiie.  In  the  case  of  the  PROM,  the  field  pattern  is  created 
bv  an  incident  lluhr  pattern  and  a photoconduct Ive  effect  in  the  crvstal. 

A similar  device  has  been  developed  at  Carnep,le--Mellon  University, 
which  like  the  G.E.  li^ht  valve,  is  written  on  with  an  electron  beam. 

In  this  case  the  target  is  a Pockel 's  effect  thin  crvstal,  KDP . 

Another  important  development  is  the  use  of  a liquid  crystal  to 
realize  a coherent  modulator,  such  as  has  been  fabricated  at  Hughes  Re- 
search Labs-,  Malibu,  Calif.  The  device  makes  use  of  a very  thin 
layer  of  a liquid  crystal  that  exhibits  a particular  molecular  orienta- 
tion depending  .in  the  local  voltage  applied  across  the  film,  which,  in 
turn,  is  made  to  represent  an  input  1 ight  pat  tern  bv  the  action  of  a photo- 
conductive  layer  sandwiched  between  the  liquid  crvstal  layer.  The  photo- 
conductive  layer  causes  the  excitation  voltage  to  be  modified  in  areas 
where  light  strikes  it.  In  this  respect,  the  device  is  operated  much 
like  the  Itek  "PROM". 

The  foregoing  discussion  has  touched  on  the  maior  types  of  coherent 
area  modulators  available,  that  have  sufficient  time  storage  to  be  a 
possible  candidate  for  a Fourier  inverter  of  DF.FT  information.  The  G.E. 
light  valve,  and  the  KDP  light  valve  have  the  advantage  of  using  input 
electronic  data  directly,  which  is  the  form  of  the  DF.FT  output.  The 
PROM  and  the  Hughes ' l.iquld  Crystal  require  an  optical  input,  so  that 
they  must  be  paired  with  an  optical  projector,  such  as  a CRT. 

At  the  present  time,  all  these  modulators  are  in  developmental  stages, 
and  single  units  cost  in  excess  of  $40,000.  A complete  Fourier  Inverter 
system  using  any  of  them  is  estimated  to  cost  at  least  $100,000, 
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In  the  above  <ii scuss ion , it  is  evident  that  there  are  complexities 
to  be  faced  if  it  is  desired  to  Fourier-invert  electronic  data  from  a 
nEFT  device  to  recover  an  original  ImnRe.  From  this  impression,  it  is 
suspected  that  the  most  efficient  utilization  of  a DEFT  device  is  to 
use  the  Fourier  components  measured  bv  the  DEFl  device  from  an  image 
directly.  Thus  the  recognition  or  classification  of  objects  contained 
within  an  image  on  the  basis  of  observed  Fourier  components  would  be  a 
natural  utilization  of  the  DEFT  with  regard  to  the  form  of  data  which 
it  provides. 

It  is  thus  felt  that  the  .most  fruitful  application  studies  for  the 
DEFT  would  be  in  the  area  of  image  analysis  using  measured  Fourier  data. 
In  many  cases,  the  spatial  shape  of  the  Fourier  presentation  is  a good 
indication  of  the  real  domain  shape  of  the  important  features  in  a scene, 
and  the  Fourier  information  can  also  provide  an  indicator  of  the  presence 
of  some  type  of  object  of  interest.  The  advantage  of  using  the  Fourier 
domain  for  this  type  of  detection  is  that  the  Fourier  intensity  pattern 
does  not  translate  its  position  as  the  object  translates.  Thus  is  mav 
be  considerably  easier  to  search  the  Fourier  plane  for  automatic  feature 
recognition  than  the  real  plane  Itself.  Examples  may  be  pointed  out: 
patterns  with  strong  repetition  produce  strong  impulses  or  bright  spots 
in  the  Fourier  plane;  triangular  structures  produce  a strr-like  pattern 
with  a hexagonal  characteristic  in  the  Fourier  plane;  circular  objects 
produce  circular  transforms. 

This  type  of  Fourier  recognition  analysis  should  t’P  subject  of 

a separate  study,  in  which  the  concepts  are  experimentally  tested. 


a 


56 


V . FUTURE  WOR£ 

V . 1 . Near  Term  Efforts 

Currently,  we  are  pursuing  the  work  mandated  by  the  contract.  We 
have  not  encountered  antf  dead  ends,  and  Indeed  are  very  encouraged  by 
Important  successes  accomp 1 i slied  this  vear.  Having  fabricated  good 
films  of  CdS  on  LlNbO^  and  found  that  they  possess  a truly  remarkable 
acoustic  modulation  of  the  photoconductivity  (20%),  we  feel  confident 
that  no  significant  problem  bars  the  way  to  useful  applications  for 
the  DEFT  technology. 

As  discussed  In  Section  11,  current  efforts  are  to  Improve  the 
curing  process  in  order  to  obtain  greater  uniformity,  larger  llght-to- 
dark  conductivity  ratios,  and  cleaner  surfaces.  Extensive  studies  of 
ultimate  sensitivity  and  carrier  lifetimes  are  currently  under  way. 

We  are  also  evaluating  two  methods  of  producing  etched  CdS  films. 

One  method  is  to  etch  out  squares  of  CdS  rather  than  lines.  Tlius  the 
indlum/alumlnum  contacts  will  not  have  to  go  up  and  down  over  the  CdS, 
but  merely  touch  the  edges.  The  other  method  is  to  make  the  metal 
thicker  so  that  it  won't  break. 

Since  the  CdS  films  turned  out  to  be  so  thin,  we  will  endeavor  to 
increase  the  evaporation  time  to  increase  their  thickness  by  at  least 
a factor  of  five.  Tliis  will  Increase  the  sheet  conductivity  by  the  same 
factor,  but  will  make  etclilng  somewiiat  harder  as  well. 

One  problem  currently  being  addressed  is  the  nonuniformity  of  the 
acoustic  wavefronts.  It  is  quite  evident  that  apodized  transducers  are 
not  well  suited  for  a two-dimensional  sensor,  although  they  may  be  ade- 
quate for  a unidirectional  version.  The  smoother,  more  symmetric  behavior 
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of  the  unidirectional  sensor  can  be  observed  in  the  data  of  Section  II, 
and  appears  directly  related  to  the  acoustics. 

We  are  preparing  to  test  new  sensors  with  an  unapodized  design. 

These  tests  should  clearly  establish  tlie  degree  to  which  further  inprove- 
ment  of  acoustics  is  needed. 

By  Introducing  further  spacings  between  transducers  and  the  CdS  film 
contact  region,  we  hope  to  operate  devices  in  the  gated  mode,  making 
possible  spatial  raster  scanning  sensors  in  addition  to  Fourier  imaging 
sensors  with  very  low  spurious  signal  levels. 

During  the  coming  months,  we  will  be  interested  to  try  some  new 
materials  to  evaluate  their  promise  in  DF.FT  sensors.  We  expect  to  studv 
the  acoustic  modulation  in  infrared  sensitive  films  provided  by  NVI, . It 
may  be  possible  to  fabricate  either  a device  depending  on  the  linear 
change  of  photoconductivity^^  or  the  quadratic  effect  in  electric 

field  discussed  in  this  report.  The  quadratic  effect  is,  of  course,  es- 
sential for  full  two-dimensional  Fourier  Imaging. 

CdSe  is  another  material  which  might  offer  some  advantages  over 
CdS,  including  faster  optical  behavior.  Single  crystal  films  of  CdS, 
now  available,  may  also  be  useful,  providing  that  we  can  learn  how  to 
cure  them,  or  dope  them  by  other  means. 

The  work  on  light  valve  processors  continues  as  well  with  the  fab- 
rication of  a bulk  travelling  acoustic  wave  device  of  fused  quartz  des- 
cribed in  Section  III. 

Based  on  the  next  month  of  work  on  improving  the  30  MHz  center  fre- 
quency sensors,  we  will  design  and  build  a sensor  in  the  100  MHz  range. 
Such  a sensor  will  verge  on  a practical  processor  capable  of  yielding 
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ovt-r  1500  FourU'r  components. 

As  the  sensors  become  pr.ictlcal,  we  must  continue  to  develop  fields 
of  application.  An  onRolnp,  effort  is  to  study  pattern  recognition  and 
reconstruction  aspects  of  their  use  as  an  incentive  to  the  more  funda- 
mental physical  research.  We  intend  to  continue  to  investigate  the  area 
of  signal  deslgn^^^,  aimed  at  obtaining  other  transform  representations, 
in  order  to  broaden  the  applications. 
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V . 2 . New  Applications 

New  applications  are  now  open  to  DEFT  teclinologv  beyond  those  en- 
visioned when  the  work  under  this  contract  was  initiated.  It  is  quite 
clear  that  we  are  now  in  a position  to  design  and  fabricate  convolvers, 
correlators  and  amplifiers  for  electronic  microwave  signals.  These 
three  signal  processing  applications  can  be  achieved  through  coupling 
between  drifting  carriers  and  acoustic  waves. 

Extensive  research  on  these  applications  has  led  to  a number  of 

( 2 5— 8 1 

useful  devices,  “ principally  convolvers  for  radar  processing. 

Most  convolvers  and  correlators  presently  being  developed  are 

based  either  on  a nonlinear  piezoelectric  effect  In  a crystal  such  as 

f261  [2527281 

LlNbO^^  \ or  on  the  separated  medium  structure.  ’ ’ The 

separated  medium  structure  consists  of  a I,irJb0.j  substrate,  with  a Si 
bar  supported  over  a piezoelectric  substrate  with  an  air  gap  in  between. 
The  nonlinear  piezoelectric  devices  are  simple,  monolithic  structures 
but  have  very  small  convolution  signals  due  to  the  small  nonlinearity. 
The  separated  medium  devices  have  had  the  most  success  since  they  use 
the  usual  piezoelectric  behavior  of  the  substrate  and  a nonlinear  coupl- 
ing to  the  electrons  in  tlie  Si  bir.  Unfortunately,  practical  versions 


of  this  device  are  very  difficult  to  construct  because  a uniform  lOOOA 
air  gap  must  be  maintained  between  the  I.iNbO^  substrate  and  the  Si 


A very  promising  structure  is  the  monolithic  conducting  thin  film 
on  a piezoelectric  substrate.  Luukkala^^^^  has  described  a CdSe/I.iNbO^ 
imaging  convolver  and  Solie  has  described  a CdSe/I.lNbO^  ampllflng 
convolver.  With  our  technology,  we  could  make  a CdS/l,iNbf)^  device  for 


60 


either  purpose,  depending,  on  the  cvirinR  procedure  and  on  the  pick-up 
contact  pattern  design.  With  additional  support,  these  applications 
could  be  evaluated  rather  readily.  We  have  every  reason  to  expect 
that  our  films  are  as  satisfactorv  and  reproducible  as  those  presently 
used  in  convolvers. 

All  of  the  work  discussed  In  this  section  so  far  is  concerned  with 

unidlrectioned,  one-d imt'nsional , signal  processing.  The  newest  front- 

129  101 

ier  in  SAW  processing  is  the  memory  convolver.  ’ Here  the  Si  bar 

is  made  into  a linear  array  of  either  p-n  diodes  or  charge  coupled  de- 

[ 31 1 

Vioes  (CCD).  In  such  structures,  the  SAW  can  interact  with  a stored 

electronic  signal . In  the  CCD,  the  SAW  could  also  serve  as  the  "clock- 
ing electrodes"  in  the  usual  CCD,  by  storing  the  charge  in  wells  created 
by  the  SAW  electric  fields. 

The  maximum  utility  of  this  approach  would  be  for  a two-dimensional 
array  of  diodes  or  CCDs.  At  present,  the  only  suggestions  for  accom- 
plishing this  have  relied  on  many  lines  each  with  its  own  transducers. 

Our  proposal  is  to  make  CdS  CCDs  on  the  z-cut  LiNbO^  surface,  thus 
producing  a monolithic  structure.  Fig.  5.2.1  shows  the  schematic  struc- 
ture of  one  line  of  such  an  arra/.  fn  the  dark,  tlie  charge  could  he 
injected  at  one  end  and  clocked  along.  Alternatively,  the  signal  could 
be  read  in  optically.  This  structure  might  have  advantages  over  Si  de- 
vices due  to  the  fact  that  in  the  dark  CdS  is  a much  better  insulator 
than  Si  yielding  higher  transfer  efficiency. 

With  the  addition  of  acoustic  transducers  and  collecting  electrodes 
we  can  now  modulate  the  stored  charge  with  the  acoustic  waves.  Consider 
a SAW-CCD  convo  1 ver  siiown  in  Fig.  5,2.2.  This  device  consists  of  a double 
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SOUKCE  ELECTRODE, 
INDIUM -ALUMINUM 
SALr^WICH  STRUCTURE 


NON  CONDUCTING  CdS  FILM 


Li  NbO,  SUBSTRATE 


Fi>».  5,2.1.  Schematic  of  a CtlS  array  of  Char;;e  Controlled  Devices. 

is  shown  on  [.iribO.^  Init  could  easily  be  made  on  glass  or 
quart  z . 
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Fip,.  5.2 
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63 


layer  CdS  film  fabricated  on  a z-rut  LlNbO^  substrate.  There  are  two 
current  collecting  contacts  on  each  side  of  the  device  shown.  A stan- 
dard C(T)  is  located  between  these  contacts.  To  prevent  the  stored  charge 
from  being  shorted  while  the  CCD  is  being  loaded  it  is  necessary  to  iso- 
late the  CCD  from  tlie  collecting  electrodes.  This  is  accomplished  by 
potential  barriers  created  bv  applying  a sufficiently  large  negative 
voltage  to  the  lock  out  gates. 

The  lock-out  gates  are  activated  bv  the  application  of  a negative 
potential.  This  generates  a potential  barrier  between  the  CCD  and  the 
current  collecting  electrodes.  Next,  the  CCD  is  loaded  in  the  convent- 
ional manner  by  clocking  its  gates.  After  the  loading  process  is  com- 
pleted, tile  trap  states  are  allowed  to  fill.  This  process  takes  about 
1 ms.  Next  the  potential  barriers  between  the  CCD  and  the  collecting 
electrodes  are  lowered  by  the  application  of  a small  positive  voltage 
to  the  lock-out  gates.  At  the  same  time,  a potential  difference  is 
established  between  the  two  current  collecting  electrodes.  This  is 
accompllsiied  by  tiie  left  electrode  being  grounded  and  applying  a volt- 
age to  the  right  electrode.  A siiort  but  large  current  pulse  lasting 
about  20  nS  will  occur  across  the  electrodes.  This  current  pulse  re- 
sults from  the  mobile  charge  in  the  CCD  charge  packets  being  emptied. 

At  this  point  in  time,  a SAW  having  an  envelope  function  f(t  - x/v^) 
and  an  angular  frequency  and  a second  constant  amplitude  SAW  of 
angular  frequency  ii>2  ‘ite  launched  collnearllv,  both  in  tlie  same  direct- 
ion. The  SAWs  propagate  along  the  CCD  with  wave  fronts  perpendicular 
to  the  electrodes. 
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The  trapped  charge  will  now  trickle  out.  The  current  resulting 
from  this  trapped  charge  will  behave  essentially  similar  to  the  photo- 
current modulated  by  the  electric  field  associated  with  the  SAWs  in  a 
way  similar  to  the  previously  described.  We  are  now  interested  in 
detecting  the  current  component  oscillating  at  the  sum  frequency  + 
^2  from  each  CCO  section.  The  surface  current  density  component 
resulting  from  the  n-th  CCD  charge  packet  and  oscillating  at  the  sum 
frequency  will  be  proportional  to 


K “ (q  / i)f(t  - na/v  )exp1(u,  + w„)na/v  (5.2.1) 

n n s 1 2 s 

where  q^  is  the  trapped  charge,  r is  the  relaxation  time  associated  with 
emptying  of  the  traps,  v^  is  the  SAW  velocity,  and  a is  the  periodicity 
of  the  CCD.  Let  us  choose  the  angular  frequencies  in  such  a way  that 

(w,  + w„)/v  " 2iT/a.  (5.2.2) 

1 2 s 

The  surface  current  density  component  of  interest  due  to  the  trapped 
charge  reduces  to 


K “(q/T)f(t-  na/v  ) 
n n s 


(5.2.3) 


The  total  collected  current  oscillating  at  the  sum  frequency  i 
is  the  sum  of  all  the  individual  currents  of  all  the  CCD  sections 


slg 


N 

I 

n=l 


i . = y K , 

slg  n 


Thus 


1 y (q  /T)f(t  - na/v  ) . 

Slg  'n  8 


(5.2.4) 


n=l 
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The  total  collected  siRiial  current  component  oscillating  at  the 
sum  frequencies  of  the  two  SAWs  is  proportional  to  the  discrete  con- 
volution of  the  trapped  charge  distribution  q^  and  the  envelope  of 
one  of  the  SAW  signals.  The  other  SAW  amplitude  is  maintained  constant 
during  this  time  period. 

It  would  bo  advisable  to  operate  a number  of  CCDs  in  parallel  in 
order  to  increase  the  signal  current.  The  signal  current  of  such  a 
device  should  he  comparable  to  the  signal  current  from  our  present 
image  activated  DEFT  devices,  typically  10  to  20  pA. 

Of  course,  much  work  would  be  required,  first  to  perfect  the  CdS 
CCD  and  then  to  fabricate  a memory  convolver.  Until  now,  no  one  has 
been  able  to  make  adequate  films  of  C.dS.  Once  applied  this  technology 
is  quite  adaptable  to  the  memory  convolver  two-dimensional  array.  The 
separated  medium  convolver  may  be  very  difficult  to  reproduce  since 
the  air  gap  must  be  maintained  over  a large  area. 

The  high  dark  resistivity,  high  light  conductivity,  and  extremely 
large  acoustic  modulation,  make  these  new  applications  very  tempting. 

If  such  devices  could  be  developed,  they  would  have  a profound  impact 
on  signal  processing  and  might  be  superior  to  those  avenues  alreadv  be- 
ing explored. 

Using  the  DEFT  technology,  these  memory  convolvers  can  be  operated 
with  several  large  transducers,  relying  on  pseudo  beam  steering,  rather 
than  on  a multitude  of  small,  highly  diffracting  transducers  operated  by 
a complex  switching  system.  The  pseudo  beam  steering  transducers  can 
single  out  a given  line  of  CCD  devices  by  varying  the  relative  delay  of 


the  driving  signals. 
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ABSTRACT.  A new  direct  electronic  Fouri*?r  tranaform  (OF.FI ) system  has  been  developed  for  tvo-dlavenaional 
imaging  of  two-dimensional  sign.ils.  The  image  Is  focuHed  on  a hlreirlnKent  crystal  surface  (e.g.  l.iSbOj)  on 
which  perpendlc  ular  SAWs  are  travelling,  one  at  frequency  j,  the  other  .»t  The  birefringence  rested 

bv  the  surface  waves  produces  an  effect  proportional  to  the  square  of  ihe  sine  of  the  local  strain.  This  valve, 
placed  between  two  crossed  polarizers  to  block  iinmt»duldted  light,  yields  an  »*xll  Intensity  of  light  containing 
a component  proportional  to  the  product  of  the  Input  Intensity  with  .i  sine  wave  "travelling”  it  the  difference 
frequency  and  with  an  associated  wavevector  equal  to  the  sum  of  the  original  wa veve< to rs . Tfius  when  this  light 
la  collected  by  a photoct»ll,  there  is  a term  in  the  photoctirrent  at  the  difference  frequency  proportional  to  the 
k Fourier  component  of  I(r),  where  k ■ + kyO,  la  the  vector  sum  created  by  the  squ.irlng  effect  of  the  bire- 

fringence, and  I(r)  Is  tlie  Input  optl*al  signal.  Thus  by  varying  the  transducer  f lequen*.  les,  arbltrarv  Fourier 
components  can  he  obtained  by  this  "pseudo  beam  steering”,  as  it  a new  SAW  had  been  created,  but  without  the 
attendant  difficulties. 

Alternatively,  an  electrophotoconducf  Ive  film  (e.g.  CdS)  together  with  an  Interdlgltal  * mtact  can  be 
deposited  at  the  Image  plane  in  place  of  polarizers  and  photodctector.  Here  the  a.c.  curient  Is  derived  from 
Integrating  the  product  of  light  Intensity  and  the  square  of  the  electric  field  created  by  the  SAW  In  the  pie- 
zoelectric substrate. 


Introduct  Ijm 

Acoustical  Imaging  of  llglu  intensity  patterns 
has  received  considerable  attention;  first  for  polnt- 
by-polnt  scanning,  and  im^re  recently  for  Fourier  Im.ig- 
Ing  (1,2,3, 4, 5).  This  paper  describes  a novel,  fully 
electronic,  approach  to  the  problem  of  extracting 
arbitrary,  two-dlmens lonal  Fourier  components  of 
images . 

The  use  of  surf. ice  acoustic  waves  to  modulate 
photoelectrons  to  produce  electronic  signals  represen- 
tative of  spatial  Fourier  Ci>mponents  of  the  inuige 
offers  unique  advantages  over  other  methods  of  Fourier 
li&aglng.  Reasonable  h.indwidths  are  iivailable  and  good 
slgnal-to-nclse  ratios  can  be  obtained  because  the 
entire  Image  contributes  to  each  Fourier  component. 

In  polnt-by-polnt  aysteraa,  resolution  is  limited  by 
the  requirement  for  pulse  lengths  of  ntiny  w.ivelengths, 
and  output  Is  small  due  to  weak  electroacoustic 
coupling  combined  with  snuill  H.impllog  are.i. 

Careful  study  of  all  present  options  sliows  that 
cliarge  coupled  devices  (CCU's)  are  likely  to  be  far 
superior  as  spatial  scanners,  and  optical  transforming 
aystema,  although  extremely  powerful,  are  difficult 
to  interface  with  electronic  systems. 

In  order  to  take  full  advantage  of  SAW  Fourier 
Imaging,  ic  la  essential  to  be  able  to  electronical ly 
select  arbitrary,  two-dimensional,  Fourier  components 
of  arbitrary,  two-dlmenalonal  Images.  Previous  work 
has  been  largely  confined  to  obtaining  one-ditnenslonal 
tranaforma  of  one-d imrna loris I (5,61  or  rwu-dlmenslonal 
iaagea  (1,4).  Various  techniques  have  bec^n  proposed 
(1,4)  for  achieving  full  tvo-dlreenslonal  capability, 
culminating  In  the  development  of  the  pseudo  beam 
steering  technique  discussed  her<*. 

The  direct  electronic  Fourier  transform  (DEFT) 
devices  derive  signals  repreaentst 1 ve  of  Fourier 
components  by  acoustically  modulating  photoelectrons. 

In  the  elect rophotoronduc t 1 ve  device,  two  surface 
arouatic  waves,  travelling  perpendicularly,  cross  the 
image,  focused  cn  a thin  photoconduct Ive  film  (GdS 
In  the  current  taodell.  It  has  been  denvinst rated  that 
the  absorption  of  light  Is  strongly  dependent  on 
applied  electric  field,  with  the  getterated  photocurrent 
having  a component  proportional  to  the  sq«iare  of  the 
electric  field  (7).  We  provide  the  electric  fields  bv 
propagating  the  two  crossed  surface  acoustic  waves  nn 

Pare  of  the  work  reported  here  was  supported  by 
the  National  Science  Foundation* 


a piezoelectric  .substr.ite  (MNhOj)  on  which  the  CdS  has 
been  deposited.  A full  tensor  treatment  of  the  Inter- 
action reveals  th.it  the  deposited  contact.s  detect  a 
• urrent  proportlon.il  to 

1(0  . J/d.  dy  e2  (x,y,t)  I (x.y)  (1) 

where  I(x,y)  Is  the  Image  Intensity,  x and  y are  the 
coordinates  on  the  film,  ind  E^,  Is  the  electric  field 
perpendicular  to  the  plane. 

Since 

Kz  “ fci  cos  (./jt  - k^x)  + E2  cos  (w^t  + k2v)  (2) 

where?  E^,  |,  kj,  refer  to  the  x-dlrected  acoustic  wave, 

and  E2,  -2»  ^2*  y-dlrected  acoustic  wave, 

kJ  contains  a term  of  the  form 

I-id  “ El  ^2  cos  ((u;|  - ^ k2V)| 

- F-i  F-2  cos  [(*1  - 2)^~^*^J* 

hy  varying  the  driving  irequencles,  we  < an  varv  k, 
yielding  a signal  term  proportional  to  the  two-dimen- 
sional Fourier  transform, 

i„(0  » exp  [](u(i  - w2>tl  / d^r  I(r)  exp  (-Jk-r)(4) 

while  the  other  terms  from  (1)  can  be  ignored  because 
they  are  at  different  irequencles.  That  Is,  the  signal 
behaves  as  If  a nt»w  acoustic  wave  has  been  created  with 
wavcvcctor  equal  to  the  sum  of  the  excited  wavevectota. 
Thus  wo  call  this  effect  "pseudo  beam  ateering”. 

An  alternative  atrucUire  being  Investigated  relies 
on  Strain-Induced  blref r Ingenco  In  a light  valve  sand- 
wich. Pig.  (2)  shows  a Hchemat li  of  the  system  In 
which  this  valve  Is  employed.  The  image  1«*  focused  on 
the  surface  of  a LlNbO^  fj^stal.  This  device  Is  very 
similar  operationally  and  schera<il  lea  1 ly  to  the  device 
Ih  Fig.  (1)  (except  that  the  Interaction  region  has 
no  CdS  and  no  contacts).  This  Is  drie  to  the  fact  that 
the  Intensity  fm»dulatlon  has  a component  proportional 
to  the  strain  squared.  The  noiiulated  light  passes 
through  the  polarlzer-valve-analvzor  sandwich  and  Is 
detected  by  a photocell  with  circuitry  tuned  to  the 
difference  frequency.  This  atructure  reqvilres  more 
light  hut  Is  easier  to  build,  at  least  for  use  as  an 
optical  Instrumc^nt , since  It  Is  made  from  existing 
hardware.  It  will  also  nut  suffer  from  relaxation 
tine  effects,  thus  providing  much  faster  time  response 
to  Itibige  changes.  Simple  one-dlmenstonal  experiments 
have  already  been  reported  (4)  for  a similar  structure. 

From  theoretical  considerations,  It  appears  that 
pseudo  beam  steering  Is  likely  to  he  far  superior  to 
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other  proposed  rei'h«U<jueH  for  .»«  « i‘mp  i l sli  inn 
slonal  liTki>:ln>i.  Kot  exanplf,  tlir  niu.iJl  . reat  Ion  of 
a third  nurface  wav--  from  nonltne.ir  mlxlnp,  appears  ro 
be  n much  smellier  aiu)  les**  >,  on  f ! > ■ I 1 ah  I e effect  , 

Tfu*  paper  lonrludes  with  a review  <>f  the  pro>»res.s 
nvide  and  the  expectetl  comnuri  lal  applf  ations  of  these 
devices  In  mot  Ion  and  t aus  dele*  lion,  pattern  recoK“ 
nltl»‘n,  and  lrwn«?  pro,  essin^  .in»l  re«  oust  rue i Ion  . 

Idle  Klectrophot oconJuc t 1 v<*  Sensor 

Tfie  lOLiKe  sensor  consists  of  a CdS  film  deposited 
on  a y cut  L1ST>03  substrate,  as  shown  In  FIk*  O). 

Thin  film  indluni  contacts,  In  the  form  of  an  Inter- 
digital  pattern,  are  deposited  onto  the  CdS  film. 

This  pattern  facilitates  the  collection  of  the  total 
photocut  rent  over  the  area  of  tfie  hdS  film.  Indium  Is 
used  as  contact  r^terlal.  It  Is  our  experience  that 
InJlvun  ai.ikes  ohmic  ‘‘ntact  to  CilS.  Aluminum  pads  must 
then  be  dep‘»slted  ever  the  Indlam  before  wires  can  he 
bonded . 

Besides  provldln>:  electric. i!  contact,  tlu*  contacts 
also  form  a grarlnK  across  the  im.i>;e.  ^'hls,  In 
effe  t.  shifts  itie  Fourier  transform  of  the  Invite 
alonK  the  ky  direction  to  hlglier  spatial  frequencies. 
This  all('W8  us  to  generate  the  Fourier  transform  o'" 
the  Ima^e  with  SAU's  with  a limited  band  width.  A 
similar  effect  la  obtained  cilonx  the  direction  ay 
etchinK  tfie  > dh  Into  lines  along  t fu*  x direction.  We 
use,  for  simplicity,  gratings  with  equal  d.irk  and 
light  spatlngs.  Ihjforlunately,  this  type  ot  grating 
‘-nly  exposes  1/4  of  the  CdS  film  to  the  Image.  Larger 
111m  exposurers  are  possible  by  making  the  dark  areas 
of  the  m.iHks  narrower. 

Since  the  photoconductivity  ot  CdS  has  a term  tliat 
depends  on  the  squar»?  of  the  electric  field,  it  Is 
possible  to  obtain  a mixing  of  the  electric  fields  due 
to  the  two  acoustic  waves  travelling  perpendicularly 
to  each  other.  This  effect  provides  tlie  effective 
steering  of  the  wavevector,  k,  of  the  transform. 

Although  tl>e  .-.irlous  electric  field  and  strain 
effects  may  vary  through  the  thickness  of  the  CdS  film, 
w«>  shall  assume  all  effects  to  be  uniform.  Tlius,  the 
ir  component  of  the  • onductance  per  square  can  be  ex- 
panded to  first  order  in  the  light  intensity  I(x,y) 

•ind  in  the  component  of  the  strain  tensor 
Second  order  In  the  eiectrl*  field  components  due 

to  the  SAW  in  the  piezoelectric  I.INbOj  .substrate,  to 
yield 

OaijU.y)  - of’g  ♦ iy,  + oJi'gKx.y)  + o>;|!yy I (x, y)i;i,y 

where  ftjfm.itlon  over  like  Creek  Indices  is  Implied. 

Here 

is  the  dark  conductance  per  squvue, 

change  of  the  dark  conductance  per 
square  with  strain 

change  of  the  conductance  per  square 
with  light  flux  l(x,y),  the  or<)lnary  plu'to- 
conductl vlty, 

oijppj  is  the  change  of  the  ronductance  per  square 
with  llgfit  and  strain, 

linear  ( hunge  of  the  cofuluclance  per 
square  wltfi  electric  field, 

linear  change  of  the  condiu  tance  per 
square  with  light  and  electric  Meld, 

Is  the  change  of  the  conductance  per  square 
to  second  order  with  ti>e  electric  field,  and 


,l.K 


Is  the  h.inge  ol  the  conductance  per  squaie 
ti  llrsl  ruder  in  the  ligfit  intensity  .ind 
secon<l  or<lt*i  In  the  t*leitrt<  field. 


Our  p<U  vc»  vs  t .1 1 1 Ine  C.rlS  films  have  essentially  laotro- 
f>hl<  symnettv.  Th*‘ret"re  all  Ir'l  rank  lens  rs  must  be 
/f!o,  nils  reqviires  t h.j I '*nd  be  zero.  This 

also  requires  th.ii  oT.IIn.iry  plio  t •»(  onduc  1 1 vi  ty  be  essen- 
ll.ill'.  .1  Si  alar,  j.  The  dark  conductance  Is  scuill 
compared  to  the  phntoconductance  .it  reasonable  light 
levels  for  good  phntocondu.- tlvc*  CdS.  Xhls  allows  us 
to  neglect  the  terms  ^,3^  ’ *'**^*'  This  re- 

duces (5)  to 

,j,(x.y)  ■ •[.  ,ci  I(x,y)  + I(x,v)ij,y 

t -‘;L  Kx.v)  E . (6) 

The  terra  Is  the  >me  used  In  all  previous  DEFT 

dcvlcfs.  However,  here  we  .ire  Interested  In  the  change 
of  the  conductivity  to  Mrst  order  with  light  intensity 
and  to  second  order  with  electri*  field,  the  last 
term  In  (b).  It  is  this  term  that  will  facilitate  the 
effective  steering  of  the  wavevector. 

This  electrophotoconductlve  effect  h.is  most  rec- 
ent Iv  been  observed  by  M.  Luukkala  et  al  f7).  They 
observed  -i  Hubstdntl.il  cliange  of  the  photoconductivity 
of  a (dSc  film  <lepo, sited  on  a LlNb03  sub.strate  when  a 
SAW  wus  propagated  on  its  surface.  They  observed  the 
effect  with  70  Hliz  SAW's.  Tliere  is  substantial  evidence 
that  the  effect  Is  to  second  order  In  the  electric 
field.  First,  they  observed  a change  In  the  d.c. 
photoconductivity  as  well  as  observing  an  output  at 
twice  the  SAW  frequency.  Second,  the  effect  dlsappear- 
wh<»f?  fhe  experiment  was  conducted  on  a non  pie- 
zoelectric fused  qu.irtz  substr.ite.  This  effect,  also 
known  .is  the  Franz-Keldysh  effect,  has  been  observed  In 
Cd.S  by  W.  Franz  18)  and  L.V.  Keldysh  (9]  as  well  as  by 
K.S.  Kohn  and  .M.A.  i.ampert  (10).  They  also  reported 
the  effect  to  be  quite  large. 

Let  both  the  current  density  and  the  sensing  d.c. 
electric  field  be  in  tiie  y direction  (Fig.  1).  We 
are  only  interested  In  die  0^^,  component  of  the  con- 
ductivity tensor.  This  reduces  (b)  to 

’vv  ■ ’i.'fx.v)  ♦(’IJ  2 * ’12  C 1 £3))  Ux,y) 

» ',2  E^  tj,  I(x,y)  (7) 

wltere  we  used  the  same  convention  for  the  fourth  rank 
conduct  Ivl  t V tensors  a^id  ss  is  used  for  the 

el.iHtlc  constants  of  lsotr4)plc  materials.  There  Is 
both  an  electric  field  component  along  the  propagation 
direction  (K^  or  F.y)  of  the  SAW's  and  one  normal  to 
the  Hurf.i»e  of  the  substrate  (F^). 

Tfie  InterdlgUal  contacts  flndlum)  effectively 
combine  all  ot  these  rect. ingles  In  parallel.  Thus  the 
current  response  to  a constant  voltage  applied  across 
the  coni. lets  results  in  a nlflerence  frequency  term 

e|  Kx.y)  . (8) 

over  all  along 

fingers  in  each  long 
conl.ict  rectangle 

As  the  contact  lingers  become  mimerous  and  very  thin, 
we  obtain  the  result  in  (1). 

Thus  by  controlling  the  frequencies  of  the  two 
transduters,  .irbltrary  Fourier  components  can  be  found. 
The  order  in  which  the  scan  of  FourK-r  space  Is  perfor- 
med l«  determined  by  the  particular  aipJlcatlon. 

Kxpj.'  r 1 men  t a 1 Resu  1 1 s 

The  CdS  films  were  made  In  the  conventional  way 
by  ev/ipor.'it  Ing  ('dS  nut  of  a fused  quartz  crucible  onto 
Hodn-llme  glass  substtates  heated  to  212*C.  Tire  films 
were  then  cured  at  hbO*C  under  a flow  of  N2»  with 
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traces  of  0«i  and  H(  1 . HtWiwi,  unlikr  . ■ir.vntJ*»n- 
al  method,  the  idi>  f 1 Ima  wiMe  «u  dope;  Mtlu^  the  evap- 
oration icselt  by  introducing  in  the  vti  imrn  s.*>4t<‘r).  .1 
tunxston  boat  with  SO  mj?  of  fu  In  ifeil  »n  ihr-ut  . 

It  waa  found  that  the  doping;  > ont  eiu  r.ti  1-mi  .*<nild  he 
better  controlled  this  w.iv  than  hy  lntrodu<lnft  f'u 
during  curing. 

Ktlm^  cured  In  thle  w.iV  wi  i * ! .i  t r I v repr‘>du<  Ihle 

•nd  had  a light  to  dark  rurtent  ratio  of  ibt'ui  200  at 
an  lllunlnatlon  of  50  ft.  cds. 

Tire  film  conduitlvlty  gQ  w 1 ex,ia. lm*<l  as  a tunc- 
*^lon  of  light  InienHlt..  li  wa-.  lound  that,  while  the 
relatlonahlp  was  not  linear.  It  >.ould  be  fitte<l  to  a 
pf»w«r  law  l.e., 

g • conat  X I'.  (9) 

Clearly  for  u«e  In  thi  DUn  devl.e  om*  would  want 
a to  be  exactly  one.  linw^  ver,  i hi*  hi.sf^  valiie.s  obtain- 
ed to  date  for  1 were  wtilch  • orapare  quite  well 

with  the  valviea  obtalnet]  f.«r  .-unneMlal  (dS. 

Measurements  w*  r>*  mudg  on  th*  films  l-*  test  the 
Franz-Keldyah,  or  e le.  t roph*  t *•  nndm  1 1 v»-  el  feci  wl  th 
white  light.  This  . t?e.  t ptedlits  that  the  ..-ondvict- 
Ivlty  at  any  given  light  Intensity  of  the  Him  shnuld 
be  a quadratic  function  of  Che  ele.  tri.  field,  l.e., 

R - Rod  *•  r dO) 

I-V  measurements  on  the  films  slu'wed  the  I'harac- 
CerlstiCB  were  in  fa.  l non-line. ir.  Moreover,  they 
could  easily  be  fitted  to  the  above  expression  for  g 
and  yielded  the  rcsultn  of  Table  1. 


LlRht 

(Foot 

Intensity 

Candles) 

Mh<  s-«^/  □ -Vol  r " 

h/gO 

1 

1.4  X 

2.6  X 10-72 

5 

6.4  X 10-17 

4.0  X 10-12 

10 

11  .9  X 10-17 

6 X 10"72 

Table  1.  Dependence  of  nonlinearity  on  light. 


h«  lh  .‘siTu  ij  l ie  t.t-..  ipp*-ir  V.e  Che  compres- 
sion .ind  shear  is.rti.ms  . * th»  wave  elng  nlnel  ' 
degrees  i>ut  ..f  phast  . 

An  Im.igi  1 , t • used  on  tin  rtv.lon  or  the  llthlom 
nl.'baie  where  tin  iw<»  wives  .ire  superimposed.  It  is 
.isHumed  th.11  we  .ire  w>rkl.ig  In  rhe  Karian-N.ith  region 
•io  that  th»*  light  I »v ^ rei-iln  piriile)  Inside  the 
•'-iterial.  The  polarl/er  and  analvzer  are  crossed  to 
pass  1 minimum  .ir^.jnt  <»r  light  when  no  electrical 
signul  Is  applied  to  the  * ransdu- ers . Since  y-cut 
ilchlum  nlubafe  is  u.^^ed  In  the  prototype  device,  the 
natural  birefringence  keeps  ihi:  light  from  being  zero- 
ed by  thf  ■ rossed  polarizers. 

Due  CO  the  natural  birefringence  and  the  strain" 
Induced  birefringence,  each  ray  .if  light  splits  into 
two  ortlKigonal  ly  poI.it  Ized  rays  which  travel  Inside  the 
TTwiterlal  with  different  phase  velocities.  Let  the 
phase  difference  betweei.  the  tw<  ravs  after  they  exit 
the  m.uerl.il  he  Then  the  Intensity  of  the  light 

Iq  at  the  detector  In  Fig.  (2)  Is  given  by 

IqCx.y)  ■-  I(x,v)  sln‘  j (12) 

where  I is  the  light  intensity  of  the  ima^e  on  the 
lithium  nlobate. 

The  relationship  of  this  phase  difference  to  the 
strain  is  ^ 

\s  * ^ 

where  p is  a constant  depending  on  the  elasto-optical 
constants  of  the  tmiterlal,  L Is  the  depth  of  the  SAW 
(.ipproxirvitely  two  acoustic  wavelengths),  n Is  the 
refractive  index  of  the  material,  and  X Is  the  wave- 
lengt  h of  1 Ight . 

We  will  neglect  here  the  electrooptic  effect  for 
simplicity.  A full  tensor  treatment  of  both  the  photo- 
elastic  and  electr.iopilc  effects  does  not  reveal  any 
significant  dlffen-nces  when  both  are  included  [12). 
Thus  (12)  can  be  expanded  yielding 

If)(x,y)  • I(x,y)I(7)^  “ 4 ^ ...I.  (1-i) 


In  the  design  of  the  Franz- Keldysh  device  tlie 
transducer  lines  have  .a  separation  of  b microns  and 
the  oscillator  peak  to  peak  voltage  Is  .ibout  1 volt, 
co‘ responding  to  an  electric  field,  L,  of  about  l.f>7  x 
10^  v/m.  Thus  we  expei t from  (10)  that  there  should 
be  s lOZ  change  in  the  conductivity  of  the  film  for 
the  given  strain  at  10  foot  candles,  sutfLcieni  to 
produce  a detectable  hlgnal.  The  ictual  electric 
fields  produced  by  strain  in  the  LiNbO)  will  he  some- 
what Less  since  the  conversion  of  app!ii>d  field  to  the 
forward  generated  field  In  the  SAW  Is  not  without  loss. 

TTie  prototype  has  been  built  and  mounted  and  we 
hope  to  verify  the  pseudo  beam  steering  aspects  in  the 
near  future. 

A Pseudo  Beam  ^teerlnjj  F.lantoblre f t lii^ent 
light  Valve 

Our  previous  woik  with  the  elastohl ref r Ingent  light 
valve  using  standing  acoustic  waves  (l,<i,n),  and  the 
possibility  of  using  pseudo  beam  steering  to  obtain 
arbitrary  Fourier  components,  led  ro  tlie  consideration 
of  s travelling  wave  e l.«s  tob  1 ri- f r t ngent  light  valve, 
fig.  (2)  shows  a schematic  lew  of  the  configuration 
used  with  the  light  valve  to  obtain  tlie  two-dl  mens  Iona  1 
transform  of  an  Image. 

Two  orthogonal  transducers  .ire  shown;  one  In  the 
positive  x-dlrection  and  one  In  ttie  negative  y-directlon. 
The  strain  In  the  region  of  the  llthlnm  nlohate  siih- 
fttrscs  where  both  bAW's  propagate  Is  the  linear  super- 
position of  the  two  travelling  atraln  waves.  Therefore, 
it  can  be  expressed  as 

I • Tgi  cos  (kjx  - i..it)  ♦ r^2  (k|X  - *«jt) 

+ Fyj  COB  (kjy  wjt)  iy2  hin  (k2V  ♦ *2*)'  (ID 


Keeping  only  the  first  terra  yields 

lo(x.y)  - -2.  (15) 

Hie  contribution  of  hl)‘her  order  terms  which  normally 
would  have  to  be  conslilercd  is  not  important  In  this 
c.ise  since  no  term  ox.  opt  the  first  contributes  to 
the  difference  frequemv  which  will  be  detected.  Neg- 
lecting the  natural  birefringence  and  substituting  the 
phase  difference  from  (11)  and  the  strain,  (11),  yields 

U-XjX)  (- 


in(x-y) 


+ 0.1* 

*■ 


("xl  O.!*  ■ 

u»it)  + cos  (k2y  + “2^^ 

(16) 


ty2  a In  {k2Y  + ^2*^^  > 

Tlie  squaring  produces  a term  at  the  difference  frequency 
which  at  the  output  of  the  photodel eotor  is  given  by 

Kt)  - 4 (-- ^-"-) ^ ( i(x.y)i:xi  yi  •=°®  ('‘1*  ■*  '‘zy^ 

+ IjjI  .'.y2  (**1*  * *.2yU  dxdy  cos  ( (wj  - U2)t| 

K I(x,y)[i:^l  lyj  sin  (k^x  + kjy) 

- F.j(j  ty2  (kjx  r-  koy)!  dxdy  sin  [(uj  - «2)tj 

(W) 

where  R is  the  respon.se  of  the  photodetector.  The  mag- 
nlUwle  of  the  detector  current  at  the  difference  fre- 
quen<  V is  then 


Iw.^i  . “ 'tP"\2/r2  2 . .2  .2  ,1/2 

|l(t)i  vl  * ' x2  y2l 


2 


I(x,y^  coH  (kjx  ♦ kiv)  dxdyj 

I(x,y)  sin  (k)X  + kjy)  dxdyj^|){2 

(18) 
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This  1«  Mlznpiv  the  m^i^nltude  ol  the  Fourier  trau^lorm 
of  rht?  InviKe  l(x,v)  sampled  at  .patlal  freqtjencv  k • 
k jX  > k^^- 

Consider  a llthiuir  nlohate  llKht  valve  witli  an 
nvnlanch  photodiode  dete>  tor,  tar  whleh  expected 
values  are 

R - 200  mA/w  at 

I.  - 2 X 10-*^  m 
P - .2 
n - 2.2 

1 * .65  X lO"*^  m 
■ Xl  - ■ yl  - iy2  - ■ X2  - lO’"* 

A - 4 X 10"^  (area  of  the  Inuige),  and 

I(x,v)  “lx  10“^  watts  integrated  over  A. 

Then  we  obtain  for  the  7ero-order  conptment, 
l(t)lQ  * 2,d  X 10“^  .imps. 

Since  the  detector  has  a dark  current  of  50pAi 
components  of  the  Fourier  transforri  five  orders  of 
,_gnltude  below  the  kj  - k2  ■ 0 component  could  theo- 
retically be  dete« ted.  Since  all  Image  Intensities 
have  transforn«»  ..alch  go  d»)wr.  as  Vk  large  k,  eat  h 
order  of  magnitude  corresponds  to  a dec ade  of  spatial 
frequency  bandwidth.  This  deiru«n.s  t rat  es  one  Important 
advantage  of  the  light  valve  over  the  elastophoto- 
conductlve  devices.  By  using  a very  low  dark  signal 
detector  as  a separ.tte  entity,  tar  greater  spatial 
bandwidth  can  be  obtained.  Tills  also  effects  several 
other  advantages.  The  thin  film  devices  suffer  from 
rather  large  rise  time  and  fall  time  due  to  carrier 
effects,  thus  limiting  their  temporal  bandwidth.  In 
practice,  this  limits  them  to  use  with  Images  which 
do  not  change  significantly  In  less  than  a few  milli- 
seconds. The  only  time  limitations  on  the  light  valve 
system  are  caused  by  the  detector  since  the  valve 
responds  Instantaneously  to  the  light. 

The  first  experiments  directed  toward  demonstrat- 
ing the  pseudo  beam  steering  effect  are  In  progress. 

The  prominence  of  the  nonlinearity  has  been  demonstrat- 
ed using  standing  bulk  waves  in  fused  quartz  in  place 
of  surface  waves.  The  second  harmonics  for  some 
thirty  driving  frequencies  were  detected  at  the  photo- 
cell. We  expect  the  SAW  device  to  prove  superior. 


Conclusion 

Theoretical  work  strongly  Indicates  that  pseudo 
beam  steering  is  an  Important  nonllnc.ir  effect,  of 
particular  use  in  extracting  arbitrary  Fourier  com- 
ponents of  lowige  Intensities.  In  this  paper,  we  have 
discussed  two  possible  embodiments.  One  Is  a poly- 
cryatalllne  film  deposited  ona  piezoelectric  substrate; 
the  other  Is  a photoeiastic  light  valve.  Both  employ 
an  Interaction  between  light  and  electronic  charge 
which  la  modulated  in  a nonlinear  nuinner  by  travelling 
surface  acoustic  waves.  If  twi>  such  waves  travel 
orthogonally  across  the  Image  plane,  this  electronic 
signal  dependence  on  strain  squared  should  provide  sum 
and  difference  temporal  frequency  signals  correspond- 
ing to  specific  spatial  Fourier  components  ot  the  Itmige* 
The  significantly  nonlinear  nature  ol  these  interactions 
has  been  demonstrated,  and  we  expect  to  confirm  the 
two-dimensional  pseudo  beam  steering  effect  very  short- 

ly. 

Another  approach  would  he  to  actually  generate 
an  acoustic  wave  with  controllable  wave  vector.  Here 
there  are  two  avenues  of  attack.  fhe  first  Is  to 
excite  twr>-dlmens  Iona  1 resonant  modes  In  a bounded 
acoustic  cavity  |1).  This  Is  a linear  approach,  and 
large  strains  can  t>e  obtained.  lUn^evcr,  the  modes 
become  practically  degenerate  at  high  frequencies, 
the  dispersion  relation  Is  nonlinear,  and  purely  sin- 
usoidally varying  ror)des  are  not  available. 

The  second  avenue  is  parametric  mixing  of  two 
surface  waves  to  produce  s third  (1).  This  effect  is 


otlen  v».*ry  weak;  tht-  new  wave  does  not  obey  the  linear 
dispersion  tel.itl<>n  of  its  parents,  and  it  tends  to 
propagate  with  ni'n*mlform  .iraplltude  In  the  mixing 
I eglon  (1  3,  1 ] . 

Thuy*,  In  applications  In  which  mixing  or  beam 
steering  effects  are  required,  pseudo  beam  steering 
appears  to  offer  significant  advantages.  In  DEFT 
sensors,  successful  implementation  would  permit  these 
devices  to  be  used  In  a wide  range  of  processing  func- 
tions, Including  full  Imaging,  processing,  and  recon- 
struction iiTkiges. 

Effective  beam  steering  would  also  enable  DEFT 
sensors  to  plav  an  Important  roje  in  pattern  recogni- 
tion and  optical  system  characterization.  We 

have  previously  reported  encouraging  results  on  each 
of  these  applications  as  well  as  motion  detection  using 
sensors  capable  of  scanning  along  only  one  axis  in 
Fourier  space  [3,4,15,16]. 

References 

1.  F.(j.  Kornreich,  S.T.  Kowel,  D.J.  Fleming,  S.T.  Yang, 
A.  Gupta,  and  0.  Lewis,  "DEFT:  Direct  Electronic 
Fourier  Transforms  of  Optical  Images",  IEEE  Pro- 
ceedings, Vol.  62,  pp.  1072-1087,  August,  1974. 

2.  tl.?.  Latent  712  (9/17974). 

3.  S.T.  Kowel,  P.G.  Kornrelch,  O.  Lewis,  A.  Gupta, 

S.T.  Vang,  and  R.  Zawadd,  "DEFT:  Progress  on  Dir- 
ect Electronic  Fourier  Transforms  of  Two-Dimen- 
sional Images",  RADC-TR-244,  September  1974. 

4.  S.T.  Kowel,  P.G.  Kornrelch,  0,  Lewis,  A.  Gupta, 
and  R.  Zawada,  "Progress  on  Two-Dimensional  Direct 
Electronic  Fourier  Transform  (DEFT)  Devices", 

1974  Ultrasonics  Symposium  Proceedings,  pp.  763- 
767. 

5.  H.  (.autler,  G.S.  Kino,  and  H.d.  Shaw,  "Acoustic 
Transform  Techniques  Applied  to  Optical  Imag- 
Ing",  1974  Ultrasonics  Symposium  Proceedings, 
pp.  99-103. 

6.  P.  Kornrelch,  N.T.  Yang,  and  S.T.  Kowel,  "A  Direct 
Electronic  Fourier  Tranatorra  Device  for  Imaging", 
IEEE  Proc,  Letters,  Vol.  61,  pp.  1149-1150, 

Aug‘ist  1973. 

7.  M.  Luukkala,  P.  .Merllalnen,  and  K.  Saarinen,  "Acou- 
sto-Resist Ive  Effects  in  Thin  Film  CdSe/LlNb03 
Delay  Line  System",  1974  Ultrasonics  Symposlitfn 
Proceedings,  pp.  145-348. 

a.  W.  Franz,  F.eltschrlft  Fur  Naturforschung,  Vol.  1 3a, 
p.  484  (1958). 

9.  L.V.  Keldvsh,  Sh.  F.xsperlm.  i_Teor.  _Flz._  Vol.  34, 
p.  1138  (1958);  English  TranslatioV  S'ov.~  Phys.  JETP 
Vol.  7,  p.  788  (1058). 

10.  K.S.  Kohn  and  M.  Lamport,  Phys.  Rev.,  Vol,  B4, 
pp.  4479-4491.  1971.. 

11.  A.  Gupta,  Ph.O.  Dissertation,  Syracuse  University, 
1975. 

12.  D.  Cleverly,  Ph.D.  Dissertation,  Syracuse  Univer- 
sity, 1976. 

13.  V.L.  Nt*wftousr,  C.I..  Chen,  and  K.L.  Davis,  "Poss- 
ibility of  Switching  ind  Steering  Surface  Waves 

by  Nonlinear  Mixing  In  Anisotropic  Media",  J.  Appi, 
Phys..  Vol.  4 3,  pp,  260  3-2608,  June  1972. 

14.  E.S.  Furg.ison«  V.L.  Newhouse,  "Nonlinear  Acoustic 
Signal  Processing  in  Multi-Mode  Structures",  1973 
UltrasonlLS  Symposium  Proceedings,  pp.  262-267. 


139 


Stephen  T. 


15.  S.T.  Kowel.  I*.C.  Kornrelrh,  0.  Lewis,  and  F.O. 

Klrachner,  Passive  Detection  of  M(»tlon  Transverse 
to  the  Optical  VlewlnR  Axis",  IKKF.  Trans,  on 
Inatrumentatton  mxd  ^tea8llr_ement , Vol  . IM-2A , 
pp . 24H-255,  Sept.  1975 


Ih.  S.T.  Kowel,  F.N.  Kornrelch,  and  0.  Levis,  "Focua 
Detection  UslnK  Direct  Electronic  Fourier  Trans- 
form Sensors",  Syracuse  University  Technical  Report 
TR-75-9,  to  be  published. 
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I CURRENT  SENSOR 


ACOUSTIC 

ABSORBING 

MATERIAL 


HORIZON  1 

CON^r^'^TROLLED 

voltage  jOSCiLLATOR 


Fig.  1.  Two-dimensional  DEFT  camera  device. 
Note  hermetically  sealed  conatrucclon. 


Klg.  2.  Light  valve  sandwich  DEFT  Imaging  system. 
Inputs  to  transducers  and  output  of  current 
sensor  make  use  of  Identical  circuitry  as 
shown  in  Fig.  1. 
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EXFKR  IMKNTAl.  ':ONF  I KMAT I ON  OF  TWt^-DIMFNMONAl. 
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ABSTRACT.  Previous  acoustic  processors  of  signals  and  Images  have  been  either  single  line  or  one- 
dimensional.  I.ast  year,  we  proposed  a model  tor  a two-dimensional  processor  using  a CdS  film  with  strong 
photoconduct ive  dependence  on  the  square  of  a SAW-lndured  electrical  field.  This  produces  coupling  be- 
tween two  orthogonally  directed  .SAWs  yielding  a current  term 

Kt)  [|  I(x.y)  fj(x-Vjt)  f^fy-v^c)  dx  dy 

where  I(x,y)  Is  the  optical  Intensity,  and  f , f^  are  the  x and  y directed  surface  acoustic  fields  re- 
spectively. The  Integration  is  provided  bv  Tnterdlgltal  contacts  on  the  film.  If  both  SAWs  are  sinu- 
soids, i(t)  is  a spatial  Fourier  component  of  the  Image  detected  at  the  difference  frequency. 

Prototypes  have  been  successfully  fabricated  and  tested.  Interdigital  transducers  with  center 
frequencies  of  27  MHz  are  deposited  on  z-cut  LlMbO^.  The  Image  Is  focused  on  the  region  in  which  the 
SAWs  cross  and  put  on  a high  spatial  carrier  frequency  by  a sampling  grid  which  also  serves  as  the 
electrical  contact. 

Qualitative  tests  of  these  devices  have  been  made  and  the  confirmation  with  theory  demonstrated 
for  sinusoidal  strains  yielding  Fourier  transforms  of  the  Image.  Due  to  the  size  of  these  signals, 
this  structure  appears  promising  as  a convolver  as  well. 
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introduction 

Acoustical  Imaging  of  light  Intensity  patterns  has 
received  considerable  attention;  first  for  polnt-by-  ^ 
point  scanning,  and  more  recently  for  Fourier  Imaging! 

This  paper  describes  a novel,  fully  electronic,  approach 
to  the  problem  of  extracting  arbitrary,  two-dimensional 
Fourier  components  of  Images,  and  reports  the  first  ex- 
perimental confirmation  of  this  technique. 

The  use  of  surface  acoustic  waves  to  modulate  photo- 
electrons to  produce  electronic  signals  representative 
of  spatial  Fourier  components  of  the  lmag»-  offers  unique 
advantages  over  other  methods  of  Fourier  Imaging.  Rea- 
sonable bandwidths  are  available  and  good  signal-to- 
nolse  ratios  can  be  obtained  because  the  entire  image 
contributes  to  each  Fourier  component.  In  polnt-by- 
polnt  systems,  resolution  Is  limited  by  rhe  requirement 
for  pulse  lengths  of  many  wavelengths,  and  output  Is 
small  due  to  weak  electroacoustic  coupling  combined  with 
small  sampling  area. 

Careful  study  of  all  present  options  shows  that 
charge  coupled  devices  (CCD^s)  are  likely  to  be  far 
superior  aa  apstlal  scanners,  and  optical  transforming 
systems,  although  extremely  powerful,  are  difficult  to 
Interface  with  electronic  systems. 

In  order  to  take  full  advantage  of  SAW  Fourier 
Imaging,  It  Is  essential  to  be  able  to  electronically 
select  arbitrary,  two-diotensional , Fourier  components 
of  arbitrary,  two-dimensional  Images.  Previous  work 
has  been  largely  confined  to  obtaining  one-dlraenslonal 
traneforms  of  one-dlmenslunal^  or  t%ro-d Incnslonal ^ ^ 

Images.  * Various  techniques  have  been  proposed  * 
for  achieving  full  two-dlmenHlonsl  capability,  culmi- 
nating In  the  development  of  the  pseudo  beam  steering 
Cerhnlque  dlsrussed  fiere. 

The  direct  electronic  Fourier  transform  (DKFT) 
devices  derive  signals  repres#ntat 1 ve  of  Fourier  ct»mpo- 
nents  by  acoustically  oodulatlng  photoclectrons.  In 
the  electrophotoconductive  device,  two  surface  acoustic 
waves,  traveling  perpendicularly,  cross  the  Image,  fo- 
cused on  a thin  photocooduct Ive  film  (CdS  in  the  current 
ax)del).  It  has  been  deanrintrated  that  the  absorption 
of  light  is  strongly  dependent  on  applied  electric  field, 
with  the  generated  photocurrent  having  s rompojjent  pro- 
portional to  the  square  of  the  electric  field.  We 
provide  the  electric  fields  by  propagating  the  iw«> 
crossed  surface  acoustic  waves  on  a piezoelectric  sub- 
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Btrate  (LlNbi)^)  on  which  the  (MS  has  been  deposited.  A 
full  tensor  treatment  of  the  interaction  reveals  that 
the  deposited  contacts  detect  a current  proportional 

l(t)  « j|  dx  dv  (x.y.t)  I (x,y)  (1) 

where  I(x,v)  Is  the  Image  Intensity,  x and  y are  the 
coordinates  on  Che  film,  and  E Is  the  electric  field 
perpendicular  to  the  plane. 

S Ince 

• Ej  cos  + E,  cos  (u,2t  + k^y)  (2) 

where  E^,  , kj,  refer  to  the  x-dlrected  acoustic  wave 

and  E-,  w.,  k.,  refer  to  the  y-dlrected  acoustic  wave, 

2 2 2 2 

E contains  a term  of  the  form 
2 

E . “ E,  E-  cos  I (u,  - - (k.x  k,y)) 

zd  1 2 -2  12 

- Ej  E^  t * k*rl.  (3) 

By  varying  the  driving  frequencies,  we  can  vary  k, 
yielding  a signal  term  proportional  to  the  two-dimen- 
sional Fourier  transform, 

l^(t)  “ exp[l(u)j  - I d'^P  l(r)axp(-lk*r)  (4) 

while  Ute  other  terras  from  (1)  can  be  Ignored  because 
they  are  at  different  frequencies.  That  Is,  tl«  signal 
behaves  as  if  a new  acoustic  wave  has  been  crested  with 
waveveccor  equal  to  the  huqi  of  the  excited  wsvevectora. 
Thus  we  call  this  effect  "pseudo  hesm  steering." 

From  theoretical  considerations  alone,  pseudo  beam 
steering  is  likely  to  be  far  superior  to  other  proposed 
techniqttes  for  acc<impllshlng  two-dimensional  imaging. 

For  example,  the  actual  creation  of  a third  surface 
wave  f ri>m  nonlinear  mixing  appears  to  be  a much  smaller 
and  less  controllable  effect. 

It  Is  clear  that  by  using  either  collnear  signals, 
or  orthogonal  signals,  such  an  effect  could  also  be  the 
basis  ot  a monolithic  convolver . 

rtie  use  ot  high  frequency  surface  wave  transducers 
requires  that  the  Image  be  placed  on  a high  spatial 
frequency  carrier.  This  la  sccisnpl Ished  In  one  direc- 
tion hy  the  Interdlgital  contact  pattern  used  to  detect 
the  signal,  and  In  the  perpendicular  direction  hy  either 
etching  the  CdS  into  strips,  or  by  prelecting  the  image 
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throuHh  d SAmi>llnK  wLllt  .1  projeried  grid 

«ffectf  an  tni(>rQvt‘mi;ti^  In  *hv  1 1 K^>t  ~(^~dat  k Klxn.il 
ratio.*  Ot  rouTHi*  thlit  typ*-*  ot  sampling  produces  >i 
sine  functit-in  weighting  of  the  output.  However*  our 
devices  are  designed  to  work  w«-Jl  wtrhln  the  r.ifher 
broad  band  of  that  f uni* cion. 

KvaporaCion  of  high  quality  CdS  tllms  on  LlNbO^, 
curlt\g  the  films*  the  deposition  of  the  contact 
mecalllzatlon,  and  the  photolithographic  lllt-oft  had 
not  previously  been  attempted  on  z-cut  l.lNhtt^.  This 
material  was  chosen  for  its  Hurtace  wave  propagation 
properties. 

WV  believe  chat  we  have  solved  the  major  problems 
and  are  now  attacking  the  yield  problem.  iHir  results 
at  this  point  are  crude,  but  highly  encouraging.  We 
have  constructed  a camera  system  In  a box  the  size  of 
an  6 3tB  movie  camera.  The  only  external  equipment 
needed  is  a power  supply,  a low  frequency  sweep  genera- 
tor* and  a display.  The  signals  measured  arc-  latge 
and  repeatable.  Quantitative  results  must  await 
further  improvements. 


The  Elect  rop hot oconduct ive  Sensor 


The  image  sensor  consists  of  a CdS  film  deposited 
on  a z-cut  LiSbO.  substrate  as  shovm  in  Fig.  (1).  Thin 
film  indium  contacts*  in  the  form  of  an  InterdigUal 
pattern*  are  deposited  onto  the  CdS  film.  This  pattern 
facilitates  the  collection  of  the  total  photocurrent 
over  the  area  of  the  CdS  film.  Indium  la  used  as  the 
contact  material.  It  is  our  experience  that  indium 
makes  ohmic  contact  to  CdS.  Aluminum  pads  must  then 
be  deposited  over  the  indium  before  wires  can  be  bonded. 

hesldes  providing  electrical  contact  * the  contacts 
also  form  a grating  across  the  image.  This,  in  effect* 
shifts  the  Fourier  transform  of  the  image  along  the  k 
direction  to  higher  spatial  frequencies.  This  allows^ 
ua  to  generate  the  Fourier  trai.sform  of  the  Image  with 
SAW*b  with  a limlteu  bandwidth.  A Nimllar  effect  is 
obtained  along  the  k direction  by  etching  CdS  Into 
lines  along  tl>e  x direction*  for  cured  CdS.  For  un- 
cured CdS,  the  second  grid  must  he  projected  optically 
in  order  not  to  shift  the  dark  current  transform  along 
with  tne  light  current  signal.  We  use*  for  simplicity* 
gratings  with  equal  dark  and  light  spaclngs.  Unfortu- 
nately* this  type  of  grating  only  exposes  1/4  of  the 
CdS  film  to  the  inwige.  Larger  film  exposures  are 
possible  by  nuking  the  dark  areas  ot  the  masks  narr->wer. 

Since  the  photoconductivity  of  CdS  has  a term  that 
depends  on  the  square  of  the  electrl'  field*  it  Is 
possible  to  obtain  a mixing  of  the  electric  fl>*lds  due 
to  the  two  acoustic  waves  traveling  perpendicularly  to 
each  other.  This  effect  provides  the  effective 
steering  of  the  wavevector*  k*  of  the  transform. 

Although  the  various  electric  field  and  strain 
effects  may  vary  through  the  thickness  of  the  CdS  film* 
we  shall  assume  all  effects  to  he  uniform.  Thus*  the 
iB  component  of  the  conductance  per  square  can  he  ex- 
panded to  first  order  iu  the  light  intensity  I(x,y) 
and  in  the  cor.ponent  of  the  strain  tensor  I.  * and  to 
second  order  In  the  electric  field  c<imponenti  K * due 
to  Ctie  SAW  in  the  piezoelectric  LlNbf)  substrat^*  to 
yield 
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]m  t fie  change  <»f  tf»'  c:>nduf  tance  per  square 
with  fight  flux  I(x,v),  ^ he  ordinary  photo- 
condur  1 1 vl f V , 

1«  the  cfiange  of  lf»e  c<^nducrance  per  square 
with  light  and  strain. 

Is  the  linear  ».hange  of  Mie  conductance  per 
square  with  electric  field, 

la  the  linear  change  of  the  conductance  per 
square  with  light  and  electric  field, 

is  the  change  of  the  conductance  per  square 
to  second  order  with  the  electric  field,  and 

Is  the  change  of  the  conductance  per  square 
tofirsr  nrder  in  the  light  intensity  and 
second  eirder  In  the  electric  field. 


Our  pol ycryst al 1 ine  CdS  fllmn  have  essentially  Isotro- 
phlc  svmmetry.  Tfierefr»re  all  3rd  rank  censors  must  be 


zero.  This  requires  tfiat 
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zero.  This 


also  requires  chat  ordinary  photoconduccivlcy  be  essen- 
tially a scalar,  The  dark  conductance  is  small 

compared  to  the  phococonductance  at  reasonable  light 
levels  for  good  photoconduct ive  CdS.  This  allows  us  to 


neglect  the  terms  3 
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The  term  Is  the  one  used  In  all  previous  DEFT  de- 

vices. However,  here  we  are  Interested  In  the  change 
of  conductivity  to  first  order  with  light  intensity  and 
to  second  order  with  electric  field,  the  last  term  In 
(h).  It  Is  this  terra  that  will  facilitate  the  effec- 
tive steering  of  the  wavevector. 

This  electrophotoconduct  Ive  effect  lias  been  ob- 
served most  re  ently  by  K.  Luukkala  et  al°.  They  ob- 
served a substantial  change  ot  the  photoconductivity  of 
a CdSe  film  deposited  on  a 1 INbO  substrate  when  a SAW 
was  propagated  on  Its  surface.  Thev  observed  the  effect 
with  70  MlU  saw’s.  Tf.ere  Is  sub.stantla]  evidence  that 
the  effect  1m  to  second  order  in  the  electric  field. 
First,  they  observed  a change  In  the  d.c.  photoconduc- 
tivity as  well  as  observing  an  output  at  twice  the  SAW 
frequency.  Second,  the  effect  disappeared  when  the  ex- 
periment was  conducted  on  a non-pleroelectric  fused 
quartz  substrate.  This  effect,  also  known  as  the  Frgnz- 
Keldysh  effect,  na«  been  observed  In  CdS  by  W.  Franz' 
and  1..V.  Keldysn**  a»  well  as  by  K.S.  Kohn  and  M.A. 
I.arapert'*.  They  also  leported  the  effect  to  he  quite 
large. 

I.i-t  both  the  current  density  ,,nd  the  sensing  d c. 
electrli  field  be  In  the  y dlrecriun  (Fig.  1).  We  are 
only  Interested  In  the  • ' component  of  the  conductiv- 

ity tensetr.  This  reduceA*''(b)  to 
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where  xuMMtton  over  like  ^reek  Indices  In  Implied. 
Here  ^ 
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where  we  used  the  Hnme  convention  loi  the  fourth  rank 
conductlvUv  tensors  .ind'»^^‘  .is  la  used  for  the 

elnsttc  constants  Inotropic  materials.  Ihere  is 
both  an  electric  Meld  conp<<nent  along  the  propagation 
direction  (K  or  K ) ol  the  sAW’s  and  one  t^ormal  to  the 
nurface  of  tfie  sub?£trate  (K  ).  Only  the  t‘  term  In  In- 
cluded since,  of  all  the  possible  products  of  electric 
fields*  It  ts  the  only  one  at  the  difference  frequency 
which  contrllnites  to  o 
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The  Interdigltal  contacta  (Indium)  etfectively 
combine  ail  of  these  rectangles  In  parallel.  Thus  the 
current  response  to  a constant  voltage  applied  across 
the  contacts  results  In  a difference  frequency  term 


over  all 
fingers  In 
contact 


I 

along 
each  long 
rectangle 


“12 


(8) 


As  the  contact  fingers  become  numerous  and  very  thin» 
we  obtain  the  result  In  (1). 

Thus,  by  controlling  the  frequencies  of  the  two 
transducers,  arbitrary  Fourier  components  can  be  found. 
The  order  in  which  the  scan  of  Fourier  space  Is  perfort^ 
ed  Is  determined  by  the  particular  application. 


Experimental  Results 

The  ou*1ority  of  our  efforts  were  directed  to  evap- 
orating and  curing  CdS  tllms.  The  curing  vastly 
Improves  the  light-to-dark  conductivity  ratio. 

It  soon  became  clear  that  the  technique  used  on 
llNbO,  could  not  be  the  same  as  that  used  on  glass 
The  film  cfiaracterlst  Ics  depend  strongly  on  the  sub- 
strates used.  During  curing  autcerial  diffuses  out  of 
the  substrate  Into  the  film.  For  example,  sodium 
diffuses  out  of  glass.  The  characterlst ics  of  the 
films  ciiange  considerably  depending  on  whether  these 
diffused  materials  form  crapping  centers,  recombination 
centers,  or  sensitizing  centers. 

On  the  glass  substrates^  CdS  was  evaporated  out  of 
a fused  quartz  bottle  onto  suitably  positioned  sub- 
Btratea  In  a vacuum  of  10“^  torr.  These  evaporated 
films  had  very  high  conductivities  but  a very  poor 
llght-to-dark  ratio.  To  increase  their  sensitivity 
they  were  cured  at  650®C  under  a flow  which  had 
traces  of  0.x  and  HCl  in  It.  At  the  same  time  the  film 
was  Cu  doped  by  placing  it  In  a quartz  boat  which  had 
about  25  graiC'  of  CdS  plus  12.5  grams  of  Cl  In  It. 

Many  experiments  were  conducted  by  altering  the  amounts 
of  HCl,  0^  and  Cu,  to  optimize  the  photoconductivity 
properties  of  the  films.  We  finally  succeeded  In  ob- 
taining ratios  of  about  1000  at  25  ft.  candles.  At  the 
same  time,  the  conductivity  of  the  films  was  quite  high 
about  1 nanomho/n  • This  is  essential  to  obtain 
reasonable  signals  with  sensor  conta  t lines  having 
about  20,000  squares. 

We  hoped  that  by  suitably  adjusting  the  doping 
levels  of  0^,  HCl  and  Cu,  one  could  get  good  photocon- 
ducting flima  of  CdS  on  LiNbO^.  However,  after  numer- 
ous attempts,  we  cam*,  to  the  conclusion  that  this  Is 
not  possible  since  It  Is  difficult  to  overcome  the  de- 
gradl.'ig  effect  of  material  diffusing  out  of  the  LlNbO^ 
during  curing. 

Next  we  decided  to  ovezeome  the  problem  of  the  sub- 
strate entlrel/,  by  laying  down  a thin  layer  of  510,^  be- 
tween the  substrate  and  the  CdS  film.  This  layer  would 
Insulate  the  CdS  from  the  LlNbO  . At  the  same  time, 
SlOjj, being  very  stable  thermally,  would  not  diffuse 
Into  the  CdS.  This  Idea  proved  very  successful  since 
we  Improved  the  llght-to-dark  ratio  of  our  films  by  a 
factor  of  100  In  the  first  few  attempts.  We  are  still 
working  on  optimizing  various  doping  levels. 

Unfortunately,  the  SIO  layer  had  Its  own  problems. 
It  works  well  with  y-Cut  I-lfibO  which  has  a low  thermal 
(efficient  of  expansion  like  Che  SIO  but  on  z-cut 
. iNbO.,  which  fias  a coefficient  of  expansion  about  10 
‘‘aea^that  of  y-cut  , the  fJlm.s  tend  to  peel  off  during 
iflng  Ht.;wever,  one  Wf>uld  prefer  to  use  the  z-cut 
alnce  it  has  better  acoustic  properties.  Only 
,f  'ffern  two  equally  viable  surface  wave  propaga- 
te. (Ions  with  equal  velocities. 

a -Mp  point,  a number  of  attempts  to  prevent  the 
**  if  the  SIO  have  been  unsuccessful, 
ve  .fp-liatlng  the  Sl^^  -CdS  boundary  during 


evaporation,  and  roughening  the  surface  of  the  LlNbU^. 

We  are  currently  trying  two  new  approaches  to  the  prob- 
lem of  CdS  peeling  during  curing.  One  Is  out-diffusing 
the  l.lNhO  substrate  before  evaporation.  This  would 
obviate  tne  need  for  the  SIO  film.  The  other  approach 
is  to  use  a film  of  Alumina  under  the  CdS.  Alumina  Is 
used  Ci'mmerclaily  as  a substrate  for  cured  CdS  In  photo- 
detectors. 

Because  of  the  problem  of  keeping  CdS  on  LlNbO^ 
after  curing,  we  have  also  tried  an  alternate  approach. 
We  deposited  CdS  films  on  z-cut  LlNbO  , and  dispensed 
with  curing.  The  CdS  was  not  etched  into  lines,  but 
the  contacts  and  transducers  were  fabricated  In  the 
usual  manner.  Uncured  CdS  has  a poor  llght-to-dark 
conductivity  ratio  since  It  has  not  been  recrystallized. 
However,  by  putting  the  dark  current  on  a different 
spatial  carrier  frequency  than  the  i'lght-lnduced  cur- 
rent, a substantial  Improvement  In  llght-to-dark  signal 
can  be  obtained.  This  is  accomplished  by  projecting 
the  optical  Image  through  a mask  which  samples  In  the 
direction  perpendicular  to  the  contact  fingers.  Thus 
the  dark  current  is  translated  along  one  axis  In  k- 
space,  while  the  light  current  Is  translated  off  this 
axis  Into  a different  region  of  k-space. 

The  first  device  of  this  type  had  a llght-to-dark 
conduction  ratio  of  0.01.  Thus  the  improvement  afford- 
ed by  sampling  was  not  sufficient  to  obtain  signifi- 
cant light  sensitivity.  However,  the  response  to  dark 
current  was  very  large,  establishing  that  the  uncured 
films  exhibit  a large  Franz-KeMysh  effect.  Indeed, 
one  found  that  In  these  fllms/Opg./o^  * 0.47. 

Fig.  (2)  shows  a typical  scan  ot  frequency  space 
for  this  device.  With  no  drive  to  the  transducers,  we 
obtained  plain  circles.  With  the  transducers  excited, 
these  circles  exhibit  strong  vertical  modulation.  This 
display  is  obtained  by  sinusoidally  exciting  each 
transducer  with  a voltage  controlled  oscillator.  These 
two  oscillators  are  in  turn  driven  by  a slowly  varying 
(300  Hz)  external  sinusoidal  generator,  with  a phase 
difference  of  90®  Introduced  between  them.  This  pro- 
duces the  circular  scans  of  k-spacc  seen  in  the  figure. 
The  particular  circle  radius  is  controlled  by  the  ampli- 
tude of  the  sweep  generator.  The  output  of  the  device 
Is  shown  as  the  vertical  height  above,  or  below,  the 
circle.  Each  point  on  the  circle  represents  a specific 
temporal  frequency  difference  and  a specific  spatial 
frequency. 

The  second  device  was  fabricated  Identically,  ex- 
cept that  additional  sulphur  was  introduced  during 
evaporation.  This  produced  a film  with  llght-to-dark 
conductivity  ratio  of  approximately  10.  This  device 
suffered  film  peeling,  probably  caused  by  Insufficient 
substrate  preparation  and/or  by  an  unusually  high  level 
of  air  pollution  In  the  laboratory.  Thus  only  a small 
portion,  approximately  bZ  of  the  film  remained  usable. 
The  Franz-Kcldysh  coefficient,  however,  was  as  large  as 
In  the  previous  device,  and  It  was  mounted  in  the 
camera  and  tested.  Fig.  (3)  shows  typical  results  of 
frequency  scans  with  this  device.  Note  the  difference 
between  the  scans  with  and  without  light.  By  changing 
the  external  sweep  function;  arbitrary  scans  can  be 
designed,  making  the  device  random  access.  One  reason 
for  the  odd  svironetries  exhibited  Is  that  the  voltage 
versus  frequency  curve  for  our  voltage  controlled  oscil- 
lator Is  nonlinear,  a.s  shown  in  Fig.  (4). 

These  results,  though  qualitative  and  rather  crude, 
are  highly  satisfying.  The  signals  are  large,  even  In 
the  uncured  films;  are  detected  at  the  difference  fre- 
quencies of  the  two  transducers;  and  are  Image  depen- 
dent . 


We  measured  the  folltiwlng  characteristics  for  the 
devices  described: 

Surface  wave  speed 
I'enier  frequency 
CdS  sensor  size 
Sensor  plus  transducers 


1635  m/s 
28.62  MHz 
12.7  mm  x 12.7  tmn 
17  tnn  X 17  tm 
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contact  grid  periodicity  0.127  mn». 

The  tr^nsducera  were  fifteen  finger-pair,  apodlzed 
indium  contacts. 

Conclusions 

We  have  shown  experimentally  that  a strong  signal 
of  the  form  of  the  integral  of  the  product  of  an  elec- 
tron distribution  multiplied  by  the  product  of  two  sur- 
face acoustic  wave  fields  can  be  obtained  on  CdS  films, 

l(t)  « jj  I(x,y)f^(x  - Vjt)f2(y  - v^t)dxdy. 

Clearly  this  effect  can  be  used  for  Imaging  by 
choosing  the  acoustic  fields,  to  be  scanning 

pulses,  and  for  Fourier  imaging  If  f^  are  sinu- 

soids. Such  a device  could  also  be  used  as  a mono- 
lithic convolver.  We  have  shown  this  effect  to  be 
large  even  in  uncured  sulphur-rich  films  of  CdS.  Light 
sensitivity  could  play  a role  in  the  convolver  applica- 
tion by  providing  frequency  manipulation. 

We  are  continuing  to  try  to  improve  the  yield  by 
Improving  the  adhesion  of  the  films.  With  this  accom- 
plished, the  crude  prototypes  described  here  could  be 
improved  sufficiently  to  enable  devices  of  this  type 
to  be  used  in  a wide  range  of  applications. 
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Fig.  (1).  Schematic  of  two-dimenHlonal  DEFT  H«*nsor. 

The  data  shown  In  Fig.  (I)  W€*re  taken  using  a de- 
vice for  which  the  CdS  was  not  etched  Into  strips. 
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' .M  . ; itljl  froqueru  y scan  »f  Hark  current. 

Vertl-  modulation  <*lrcles  I;-  due  to  trans- 
form <'f  a circular  Imperfection  in  the  CdS  film. 


FIr.  (4).  Actual  spatial  frequencies  in  Inverse  meters 
of  typical  curves  represented  by  circles  In  Fig. 
(2)  and  Fig.  (3).  Sote  the  asvnmetries  caused  by 
the  nonlinear  behavior  of  the  voltage  controlled 
oscillators,  and  the  lack  of  prc’per  alignment  of 
the  sweep  center  with  the  center  of  the  image 
Fourier  space,  ^hese  q variables  are 

defined  bv  Tv  " “ (2"/a)  , and  q^  " “ (2^/a). 

where  a is  the  period  of  the  sampling. 


Fig.  Hn) 


Fig.  Mb) 


Fl«. 


(3).  kesponse  of  M ght - f.ens 1 1 1 ve  device.  Both  light  and  dark  currents  are  sampled  onlv  bv  the 
gers,  so  no  enhancement  otiurs.  Tlie  complex  patterns  are  caused  hv  the  severe  nomin  1 f orml  t lea 
film.  Fig.  f lai  Is  f«.r  the  devl<e  in  the  dark,  while  Fig.  Oh)  is  for  the  Illuminated  device, 
traces  represent  amp  1 1 1 ude*- , rather  than  magnitudes,  of  the  Fotirler  components. 
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APPENDIX  C 

PHENOMENOLOGICAL  CALCULATION  OF  THE  CONDUCTANCE  OF  CdS 


Though  we  realize  that  various  electric  field  and  strain  effects 

may  vary  through  the  thickness  of  the  CdS  film,  we  shall,  for  simplicity, 

assume  all  effects  to  be  uniform  over  the  thickness  of  the  CdS  film.  Thus, 

the  conductance  per  square  can  be  expanded  in  a Taylor  series  to  first 

order  in  the  light  intensity  I(x,  y)  and  the  strain  tensor  and  to 

second  order  in  the  electric  field  E , due  to  the  SAW  in  the  piezoelectric 

V 

LiNbO^  substrate. 


/ ^ D ^ DS 

o„(x,  y)=0-+a-  l 
aB  aB  aByv  yv 


+ I(x,  y)  +o“  + I(x,  ,)Z^^ 


+ 0°^  E + I(x,  y)E  + E E (C.l) 

aBy  u oiBy  ^ y ctByv  u v 


+ I(x,  y)E  E 

uByv  y V 


where  summation  over  like  Greek  indices  is  implied. 


Here 


D 

■^aB 

DS 

'^aByv 


is  the  dark  conductance  per  square, 

is  the  change  of  the  dark  conductance  per  square  with  strain 


is  the  change  of  the  conductance  per  square  with  light  flux 
I(x,  y) , the  ordinary  photoconductivity. 


LS 

oiByv 


is  the  change  of  the  conductance  per  square  with  light  and 
strain , 


is  the  linear  change  of  the  conductance  per  square  with  elec- 
tric field. 


Is  the  linear  change  of  the  conductance  per  square  with  light 
and  electric  field. 


DE 

'^aByv 


is  the  change  of  the  conductance  per  square  to  second  order 
with  electric  field,  and 


LE 

aBuv 


is  the  change  of  the  conductance  per  square  to  first  order 
in  the  lip,ht  intensity  and  second  order  in  the  electric 
field. 


C-2 


Our  polycrystal 1 ine  CdS  films  have  essentially  isotropic  symmetry.  There- 


in] .,.1.  • . df 

This  requires  that  0 . and 

oBp 


fore  all  3rd  rank  tensors  must  be  zero. 

LF 

'^aBp  zero.  This  also  requires  that  the  ordinary  photoconductivity 


be  essentially  a scalar,  o , 

I..  CtD 


The  dark  conductance  is  small  com- 


pared to  the  photoconductivity  at  reasonable  light  levels  for  good  photo- 

conductive  CdS.  This  allows  us  to  neglect  the  terms  o a ' , and  a ' 

ttB  mBpv’  ctBpv 


This  reduces  (C.l)  to 


o o ^ o 6 qI(x,  v)  + I(x,  y)E  + 

aB  L aB  ctBpv  ■ pv 


+ l(x,  y)  E E . 

aBpv  u V 


(C.2) 


The  term  o'  is  the  one  that  has  been  used  in  all  our  previous  DEFT 
ctBpv  ^ 

devices.  However,  here  we  are  interested  in  tlie  change  of  the  conduct- 
ivity to  first  order  with  light  intensity  and  to  second  order  with  elec- 
tric field,  the  last  term  in  (C.2).  It  is  this  term  that  will  permit 
the  effective  steering  of  the  wave  vector, 

A similar  effect  has  previously  been  observed  by  M.  Luukkala  et.al^^^^ 
They  observed  a substantial  change  of  the  photoconductivity  of  a CdSefilm 
deposited  on  a I.iNb0.j  substrate  when  a SAW  was  propagated  on  its  surface. 
They  observed  the  effect  with  70  MHz  SAWs . There  is  substantial  evidence 
that  the  effect  is  to  second  order  in  the  electric  field.  Thev  observed 
a change  in  the  d.c.  photoconductivity  as  well  as  observing  an  output  at 
twice  the  SAW  frequency;  and  the  effect  disappeared  when  the  experiment 
was  conducted  on  a non-piezoelectric  fused  quartz  substrate.  The  effect 
also  known  as  the  Franz-Keldyslt  effect  has  been  observed  in  CdS  by  W. 
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Franz^^^^  and  L.  V.  Keldysh^ as  well  as  by  R.  S.  Kohn  and  M.  A.  Lampert^^^^ 

They  also  reported  the  effect  to  be  quite  large. 

The  electric  field  E due  to  the  surface  acoustic  wave  in  the  piezo- 

P 

electric  substrate  has  the  form 

E = E ■=  E cos(w.,t  - k y)  . 

1 Ax  lx  1 1 

E3  = ^ cos(w^t  - kj^x)  + cos(u2t  + k^y) 

Note  that  the  y directed  wave  is  propagating  in  the  negative  y direction. 

The  applied  d.c.  electric  field  Eq  applied  at  the  pickup  contact  is  in 
the  y direction.  The  component  of  the  surface  current  density  in  the  cdS 
film  is  given  by  Ohm's  Law 


K 

P 


a 


pv 


E 

V 


(C.4) 


where  is  given  by  (C.2).  However,  we  detect  the  y component  of  the 

current  density, 


K 

y 


o E + 0 (E_  + E.  ) + a „ E.  , 

xy  Ax  yy  0 Ay  yZ  Az 


(C.5) 


Assuming  that  the  CdS  film  has  isotropic  symmetry  in  the  plane  of  the 
film,  the  xy  plane,  but  has  a unique  axis  normal  to  the  film  in  the  z 
direction,  the  photoconductivity  tensor  components  of  interest  and  using 
the  matrix  notation  of  elasticity^ , 
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o = I(x,  v)  (K  + K_)E 

V7.  bb  Av  0 Az 


(C.8) 


where,  for  the  moment,  we  neglect  the  small  strain  dependent  photo- 
conductivity terms  0^^  . Substituting  (C.6),  (C.7),  and  (C.8)  into 

apviv 

(C.5)  we  obtain  for  the  surface  current  density 


T F 'i  T F P 

K = T(x,  + o,;  e"  + o F,^  + 3o.,  E.  + 

y LO  110  LAy  110  Ay 

^ r,  LE  ^ LE,„2  ^ . LE  „2  . , XE  , LE,„2  _ 

+ 1«>44  + * ’“ll  % * '°13  + "66>'^Axi'=0 

h +<’!'?  +[<’!■?  + °aa1'=a  h'-  «■’> 

44  Ax  Ay  11  Ay  13  66  Ay 


From  (C.3)  and  (C.9)  one  can  observe  current  components  oscillating 
with  the  following  frequencies 


zero 
- 032 

“l 

Wo 


2ojj^  - 

2“l 

2w2 

2i)}^  + 

2u2  + “•] 

3oi2 

Wi  + 0.2 


The  d.c,  component  of  the  surface  current  density  is 


„ _ l-2  . 1 . LE  , T,E.„2  , 3 LE  „2 

%0  - °11  ^-0  "■  2 '^12^'^lx  ^11  ^ly 

+ I y)E„- 


(C.IO) 
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There  is  only  one  term  oscillatlnj^  with  the  difference  frequency,  w,  - 


^2* 


LE  I V 

K^l^  = T(x,  y)(o^3  + o-)E3^  E^  cos[(o)3  - a>2)t 


- (k^x  + k2) ] 


(C.ll) 


However,  note  the  fact  that  for  that  is  k^  ^ ^2  ’ above  con- 

ductivity wave  propagates  In  the  positive  k direction.  For  lo..  > w,  , 

a.  2 1 

that  is  k^  > k^,  the  wave  propagates  In  the  negative  k^  direction. 
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CdS  FILM  FABRICATION 
D . 1 . Fabrication  on  Class 

Here  we  Rive  the  recipe  for  making  films,  Including  curing  and 
cleaning  stages.  To  some  extent,  the  steps  are  specific  to  our  set- 
up and  equipment.  However,  because  of  the  significance  of  the  develop- 
ment of  the  layered  technique,  we  decided  to  give  the  recipe  Intact. 

Others  knowledgeable  in  this  field  should  be  able  to  Implement  equi- 
valent steps  In  their  laboratories. 

A)  Cleaning  of  substrates: 

(1)  Clean  substrates  with  soap,  then  with  "micro". 

(2)  Rinse  in  superO  II2O  at  least  15  minutes. 

(3)  Put  In  ultrasonic  cleaner  with  acetone  15  minutes. 

(4)  Rinse  in  superQ  il20  15  minutes. 

(5)  Blow  dry  witli  filtered  N2 . 

B)  Evaporation  of  CdS 

(1)  Fill  one  of  the  quartz  bottles  with  about  3 grms . CdS  using 
dropper . 

(2)  Mount  bottle  with  "wrap-around"  molybdenum  filament  in  elec- 
trodes 2 and  5 of  vacuum  system. 

(3)  Surround  bottle  with  fused  quartz  chimney. 

(4)  Cover  chimney  with  stainless-steel  lid  so  that  neck  of  bottle  just 
fits  hole  in  the  center. 

(5)  Mount  substrates  In  the  holder. 

(6)  Assemble  base-plate,  chimney  and  substrate  holder  In  vacuum 


system . 
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(7)  Insert  thermocouple  into  substrate  holder  and  connect  heaters 
to  electrodes  3 and  4 of  substrate  holder  for  maintenance  of 
substrate  temperature. 

(8)  Close  vacuum  system  and  flusii  thrice  with  N2 . 

(9)  Adjust  substrate  heater  assembly  as  explained  below  and  heat 
substrates  to  about  212°C. 

(10)  Gradually  (10  minutes)  bring  power  in  evaporation  filament  to 
370W. 

(11)  Open  shutter,  evaporate  for  one  hour. 

(12)  Close  shutter  and  switch  off  all  power  supplies. 

(13)  Let  substrates  cool  to  room  temperature  before  removing  from 
vacuum  system.  Leave  them  in  the  vacuum  system  overnight. 

Note : We  have  not  used  the  tungsten  boat  or  the  new  thickness  monitoring 

system  to  evaporate  CdS  on  glass.  This,  of  course,  would  be  the 
logical  thing  to  do.  To  do  this,  after  step  (7)  above  go  through 
steps  in  [1.2  point  B for  evaporation  of  CdS  on  LiNbO^. 

C)  Curing  of  films:  (For  a three  inch  diameter  diffusion  furnaces) 

(1)  The  furnance  heater  settings  should  be  as  follows: 


Left 

580 

580 

These  settings,  presumably,  result  in  a temperature  of 
647°C  + 8°C  over  a sufficiently  large  region  of  the  furnance 
tube.  FURNACE  IS  ALWAYS  KEPT  ON! ! 

(2)  Set  gas  flow-rates  as  follows; 

N2  = 12  cms . (steel  ball)  (few  lltres/min.) 

O2  “ 3.5  cms.  (black  ball) 

HCL  « 4.5  cms.  (steel  ball) 
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[ 
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This  process  can  be  trlckv  since  balls  tend  to  move  up  and 
down  for  about  10  minutes  before  finally  settling  down  to 
steady  values.  So  check  on  them  every  five  minutes.  To  start 
O2  flow,  open  four  valves  - one  on  the  O2  cylinder,  two  lever- 
type  valves  on  the  dryer  next  to  the  cylinder,  one  on  the 
flow  meter.  The  N2  cylinder  valve  is  always  open,  so  you 
open  only  the  flow  meter  valve.  HOI  - open  only  the  flow 
meter  valve. 

(3)  Two  boats  are  used  in  the  curing  process.  The  first  one  has 

25  gms  . of  CdS  and  12.5  gms  . of  Cu  in  each  of  two  small  boats  placed 
on  the  CdS.  Pusli  this  boat  into  the  furnace  with  its  nearer 
end  26"  from  the  end  of  the  furnace  tube. 

(4)  Place  file  glas.s  s'ubstrate  on  a fused  quurtz  substrate  (with  a 
thin  layer  of  quartz  woo]  in  between);  then  place  both  in  the 
2nd  boat.  Follow  the  time-table  given  below: 

(a)  0 mins.  - CdS  and  Cu  boat  in  place 

(b)  10  mins.  - start  pushing  boat  holding  substrate  into 

f urnace 

(c)  15  mins.  - substrate  should  be  in  place  , Close  mouth 

of  furnace  with  pyrex  wool  ball. 


(d)  45  mins. 

(e)  105  mins. 

(f)  115  mins. 


- shut  off  O2  and  tICl  and  set  N2  to  9 cms . [Close 
all  four  O2  valves  ! ! ! 1 

- start  pulling  out  substrate  boat 

- substrate  boat  out  of  furnace.  Place  in  N2 
chamber  and  flush  2 mins,  with  N2.  Hold  on  to 
the  "stopper"  or  "cap"  when  you  do  this.  The 
^2  P^^ssure  may  blow  it  off!!! 


J 
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(g)  I.et  substrate  cool  in  chamber  for  30  mins.  Take  it  out. 
Pull  out  CdS  and  Cu  boat  - cool  at  mouth  of  furnace  for  5 
mins.  Place  in  chamber,  flush  for  2 mins.  Turn  down 
N2  to  2 cms . (black  ball).  Tills  is  the  usual  setting  when 
furnace  is  not  in  use. 


D)  Additional  Tips  on  Curing  of  CdS: 


(1)  If  the  films  cured  come  out  black  and  have  high  light  and  dark 
conductivities  (I-/D  small)  they  probably  have  too  muchCl2.  Re- 
duce HCl  setting.  Changing  HCl  setting  from  4.5  cm.  to  4.0  cm. 
is  a "big"  change. 

(2)  If  the  cured  films  look  yellowish,  have  good  1,/h  ratios  but 
light  conductivity  is  low,  there  is  probably  too  little  Cl2- 
Increase  HCl  setting. 


[ 
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D.2.  Two  Layer  Film  Fabrication  on  I,i>IbO^ 

A)  CleanloR  of  Substrates 

(1)  use  same  process  as  for  glass 

(2)  Use  a more  elaborate  teclinique  if  you  deem  it  necessary. 

B)  Evaporation  of  CdS 

(1)  Fill  the  two  compartments  in  the  tungsten  boat  with  about  3 gms . 
of  CdS. 

(2)  Mount  boat  in  electrodes  2 and  S of  vacuum  system. 

(3)  Surround  boat  with  fused  quartz  chimney. 

(4)  Mount  LiNbO^  substrates  in  holder  using  the  aluminium  holders 
ava 1 1 ab 1 e . 

(5)  Assemble  base-plate,  chimney  and  substrate  holder  in  vacuum 
system . 

(6)  Insert  thermocouple  and  connect  heaters  to  electrodes  3 and  4. 

(7)  Make  sure  the  thickness  monitoring  head  is  "looking"  at  the 
evaporation  boat  and  that  it  is  receiving  cooling  water. 

(8)  Close  vacuum  system  and  flush  thrice  with  N2. 

(9)  Adlust  substrate  heater  assembly  and  heat  substrates  to  about 
212'’C. 

(10)  Turn  on  power  to  thickness  moniter.  Deposition  rate  should 
read  000  A“/sec  and  thickness  should  read  0000  or  9999  A° . 

(11)  Gradually  bring  power  in  evaporation  boat  to  370  W. 

(12)  Open  shutter  and  adjust  filament  power  to  get  a steady  de- 
position rate  of  about  14  A^/sec. 

(13)  Evaporate  to  a thickness  of  4.5u  » 45000  A®,  (lineal Ibrated)  . 
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(14)  Close  shutter,  switch  off  power  supplies. 

(15)  Let  substrates  sit  in  vacuum  system  overnight  before  re- 
moving . 

D . 3 Curing  of  Films 

Follow  steps  Cl  througli  C4  given  for  curing  of  films  on  glass  except 
for  the  following  changes; 

(a)  Set  gas  flow  rates  as  follows: 

= 12  cms . (steel  ball) 

0^  = 1.7  cms.  (black  ball) 
liCl  = 1.3  cms.  (steel  ball) 

(b)  Hold  Li.VbO^  substrates  in  a vertical  position  using  one  of  the 
grooved  fused  quartz  holders.  Place  both  of  them  in  the  same 
boat  as  was  used  for  the  glass  substrates. 

(c)  When  making  adjustments  in  the  HCl  setting,  a change  of  even 
0.2  cms.  is  a significant  change.  It  is  possible  to  get  good 
films  by  suitably  adjusting  the  HCl  • We  have  never  had  to  re- 
adjust the  N2  or  the  0^ . 

(d)  Tlie  same  procedure  and  settings  arc  used  for  curing  1st  and  2nd 
CdS  films. 
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APPENDIX  E 

MECHANISM  OF  THE  ELECTROPHOTOCONDUCTIVITY 

A search  of  the  literature  has  not  been  successful  in  yielding  a 
theory  of  electrophotoconductivity  which  seems  consistent  with  our  ex- 
perimental evidence.  This  appendix  will  serve  to  sketch  a band-structure 

, , , . , [13,  14,  15]  , , . . Jill 

theory  based  on  previous  work  but  with  appropriate  modifi- 

cations . 

We  assume  that  the  photoelectrons  together  with  the  electrons  from 
ionized  impurity  states  come  to  a quasi  thermal  equilibrium  in  the  pre- 
sence of  steady  Illumination.  This  requires  that  the  relaxation  time 
associated  with  a redistribution  of  electrons  due  to  light  be  much  lar- 
ger than  the  relaxation  time  of  the  electron  redistribution  due  to  a 

small  energy  shift  of  the  conduction  band  and  impurity  states.  Indeed 

-13 

T,  is  of  the  order  of  1ms  while  t is  of  the  order  of  10  s. 

L e 

In  the  following  we  calculate  the  effect  of  a small  shift  of  the 
energy  levels  upon  the  number  of  conduction  electrons.  We  assume  that 
the  conduction  band  edge  is  shifted  by  an  amount  equal  to  the  Franz-Keldysh 
effect  and  that  the  Impurity  states  in  the  energy  gap  are  shifted  by  an 
amount  of  energy  proportional  to  the  shift  of  the  conduction  band  edge. 

We  show  that  a small  shift  in  energy  has  a large  effect  upon  the  num- 
ber of  conduction  electrons  due  to  the  large  impurity  concentration  in 
these  photoconducting  films. 
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E.l.  THE  NUMBER  OF  PHOTO  ELECTRONS 

Let  us  assume  that  In  the  presence  of  light  the  photo  electrons 

come  to  a quasi-thermal  equilbrium  with  an  electron  Fermi  energy 

The  total  number  of  free  and  trapped  electrons*  n and N , Including 

CO  to 

both  electrons  from  Ionized  impurity  states  and  photo  electrons  is 


N = n + N 

CO  to 


(e  - E )^^^de 


r c + r 

exp(c  - Ep^)/kT  + 1 


0 exp(E 


Epe>/kT  + 1 


where  gj,(c)  Is  the  density  of  the  trapped  electrons,  and  C is  the  density 
of  states  constant  for  a parabolic  band.^^^  Assuming  that  the  conduct- 
ion band  is  many  kT  above  the  quasi  Fermi,  energy,  than  one  can  approximate 
the  Fermi  distribution  function  by 

fj^(E)  = exp-(E  - Ep^)/kT  (E.l. 2) 


On  the  other  hand,  in  the  energy  gap  the  Fermi  distribution  can  be  ap- 
proximated by  a unit  step  at  e » ^Pe*  With  these  assumptions  the  equa- 
tion for  the  total  number  of  electrons , (E . 1 . 1)  becomes 


1 

00 

N - c [exp-(E^  - Ep^)/kT)] / (exp-(e  - E^)/kT)(E  - E^)^dE 

E- 

C 


+ / g (E)dc  (E.l. 3) 

0 


Letting 


du 


u 


kT 


(Ka.A) 
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and  substituting  (E.1.4)  Into  (E.1.3)  and  Integrating  over  u we  obtain  for 
the  total  number  of  electrons; 


N * N [exp  -(e  - e_  ) /kT  + / g (e)de  (E.1.5) 

c c Fe  •' Q t 

Fig.  E . 1 . 1 shows  the  typical  density  of  states  versus  energy  distribution. 

E .2  Electric  Field  Effect 

In  the  presence  of  an  electric  field  with  components  E^  the  conduct- 
ion band  is  shifted  in  energy  by  a small  amount  Ae 


Ae  = Y E E . (E.2 . 1) 

UV  p V 

where  y is  the  tensor  Franz-Keldysh  coefficient.  Assuming  that  the 
pv 

density  of  states  in  the  energy  gap  is  altered  by  an  amount  Ag^> 
c 

The  Fermi  energy  is  altered  by  the  electric  field  by  an  amount  a. 

Substituting  these  changes  into  (E . 1 . 5)  where  we  assume  that  the  total 
number  of  electrons  remains  constant 


e + Ae  - e - a Fe 
N - N exp-(-^ j-;= — — 

C K1  Q 


•)+/  Ut  -'f-  Ac  -^Id 


(E.2. 3) 


Expanding  (E.2. 3)  to  first  order  in  Ac  and  a 


c - G„  , 

/ c Fes  ri  Ae  - a 
N - exp-( ^ ) II  - 


‘^Fe 

] + / Fjde 


"Fe  ^ 
u c 


(E.2. 4) 


Fig.  E.1.1.  Typical  density  of  states  distribution  of  a CdS  film  showing 

impurity  state  distribution  and  quasi  Fermi  energies  for  elect 
rons  and  holes. 


E-5 


Equating  (E.1.1)  and  (E.2.4)  and  integrating  the  last  term  of  (E.2.4)  by  parts 
yields. 


Ae  - a / \ . A 1 ••e  oe  r . 

’cO  fr  ^t’o  - — / «t^" 

c c 0 


Er.  A fe 

rE  1 Fe  Ae  r 


= F,(CFe)[a  + 7^  Ae]  - N^O  • 

c c 

Solving  (E. 2 .5)  fora  and  substituting  the  result  into  the  first  term  of 


fractional  change  in  the  number  of  conduction 


electrons 


^ "to 

S "co 


(E.2.6) 


where  summation  over  like  Greek  indices  is  implied. 

The  numerator  is  of  the  order  of  the  total  number  of  trap  states 

per  unit  volume  in  the  energy  gap.  The  denominator  is  of  the  order  of 

the  number  n _ of  conduction  electrons  per  unit  volume.  Thus  the  frac- 
cO 

tlonal  change  of  the  number  of  conduction  electrons  is 


An  N„  Y 

— - = E E . 

"cO  "cO  ^ 


(E.2.7) 


The  Franz-Keldysh  coefficient  y is  ~ -1.62  • 10  eVm^/V^ 

pv 

The  electric  fields  in  our  experiment  are  small,  typically  10^  V/m.  The 
percentage  change  in  the  number  of  conduction  electrons  in  our  experi- 
ments is  typically  20%  I The  energy  gap  of  CdS  is  2.42  eV.  Substituting 
this  data  into  (E.2.6)  we  obtain  for  the  ratio  of  the  total  number 
of  Crap  states  to  the  number  of  conduction  electrons 


T 7 

: 3 • lO'. 


(E.2,8) 


E-6 


Since  there  are  approximately  10  conduction  electrons  per  m 

25  3 

these  films  contain  approximately  3 • 10  Impurity  states  per  m which 
is  oulte  reasonable. 


